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REMARKS 

Applicants have amended the claims in response to the 
restriction requirement and the Office Action. 

Applicants have amended the definition of R 2 in claims 
1-4 to be directed to compounds elected in response to the 
Examiner's restriction requirement (see below) . 

Applicants have amended claim 1 to delete the term 
"derivative" and recite the term "salt." Support for this 
amendment may be found throughout the specification as originally 
filed (see page 22, line 12 to page 23, line 2; page 23, lines 
12-15; and page 23 lines 27-30) . 
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Applicants have amended claim 1 to clarify that the 
isosteres are of carboxylic acids. Support for this amendment 
may be found throughout the specification as originally filed 
(see page 12, lines 11-18) . 

Applicants have amended claim 1 to recite certain types 
of C-rings (i.e., those that do not have a NH group adjacent to 
the carbonyl of ring B) . As amended Ring C may not have a -N(H)- 
moiety at a certain position in the ring. Support for this 
amendment may be found throughout the specification as originally 
filed (page 15, line 10 to the end of page 16, disclosing 
compounds having this structural feature) . 

Applicants have amended claim 5 to recite the compounds 
of Table 2 . Support for this amendment may be found throughout 
the specification as originally filed (see page 17, lines 1-5). 

Applicants have submitted herewith an Appendix of 
Amendments indicating the amendments to the claims . In the 
Appendix, bracketing indicates deletions and underlining 
indicates insertions . 

None of these amendments adds new matter. 

The Restriction Requirement 

Applicants note that the Examiner has considered their 

July 29, 2002 traversal of the restriction requirement but deemed 

it not persuasive. Accordingly, the Examiner has examined claims 
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1-13 to the extent that they embrace the elected subject matter. 
Applicants have therefore amended the claims to be directed to 
this subject matter. 

The Rejections 

35 U.S.C. § 112, Second Paragraph 

Claims 1-13 stand rejected under 35 U.S.C. § 112, 
second paragraph as being indefinite for failing to "particularly 
point out and distinctly claim the subject matter which applicant 
regards as the invention." Applicants traverse each of the 
Examiner's specific contentions below. 

1. The Examiner contends that the term "derivative" 
renders claim 1 indefinite. Applicants have amended claim 1 to 
delete the term "derivative" thus obviating this contention. 

2. The Examiner contends that the term "isostere" in 
claim 1 is vague and unclear. According to the Examiner it is 
unclear whether the isosteres are of only the carboxylic acid 
group. And the Examiner contends that "an enablement issue" 
would arise if claim 1 encompasses isosteres of amides and 
esters. Applicants have amended claim 1 to clarify that the 
isosteres are of the carboxylic acid groups only, thus obviating 
this contention. 

3. The Examiner contends that the term "feature" in 

claim 2 is unclear and should be replaced with "group" . 
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Applicants have amended claim 2 as suggested by the Examiner thus 
obviating this contention. 

4. The Examiner contends that claim 5 is objectionable 
for referring to a Table. Applicants have amended claim 5 to 
recite the compounds in the Table thus obviating this contention. 

35 U.S. C. § 112, First Paragraph 

Claims 7-10 and 13 stand rejected under 3 5 U.S.C., 
first paragraph as lacking enablement. 

Claims 7-10 and 13 are fully enabled by the evidence of 
record for the following reasons. 

The in vitro assays provided at pages 49-54 of the 
specification are useful for determining that the compounds of 
the present invention are inhibitors of caspases . Applicants 
will show below that inhibition of caspases have been linked to 
therapeutic benefits in the claimed diseases. 

Applicants disagree that it is incredible that 
applicants' compounds could be used to treat all the recited 
diseases. As set forth in applicants' specification, caspase 
inhibition had been linked to the treatment of the claimed 
diseases at the time of applicants' filing date (see, e.g., 
specification at page 4, line 19 to page 5, line 4) . These links 
continue to be confirmed. Thus, even if the disease are varied, 
they have in common a link to caspases . 
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For example, early work established that IL-ip, a 
cytokine released from stimulated monocytic cells, is an early 
and primary player in activating inflammation pathways associated 
with immune disorders and disease (see, e.g., specification page 
2, lines 9-18; D. K. Miller et al. 1 ; and Geiger et al. 2 ). 
Therefore, it has been established that caspase-1 (also known as 
ICE) inhibitors are therapeutically useful because they block the 
formation of active IL- ip . Importantly, this usefulness has been 
demonstrated in vivo. 

Ku reports that administration of an ICE (caspase-1) 
inhibitor is effective at reducing IL-lp levels in vivo, and in 
reducing and alleviating inflammatory-associated symptoms and 
disease states. 3 In particular, Ku shows that an ICE inhibitor 
that reduces IL-ip levels in vivo can have profound effects on 
inflammation as demonstrated in a mouse with collagen- or LPS- 
induced arthritis , an accepted animal model for rheumatoid 
arthritis in humans. In fact, the data clearly show that 
treatment with the ICE inhibitor is more effective on the induced 

1 Miller, D. K. et al . , "The IL-ip Converting Enzyme as a 
Therapeutic Target," Annals N.Y. Acad. Sci . , 696, pp. 133-148 
(1993) (Exhibit 1) . 

2 Geiger, T. et al . , "Neutralization of Interleukin-1 p Activity 
in vivo with a Monoclonal Antibody Alleviates Collagen-induced 
Arthritis in DBA/1 Mice and Prevents the Associated Acute-phase 
Response," Clin. Exper . Rheumatol. , 11, pp. 515-22 (1993) 
(Exhibit 2) . 

3 Ku, G. et al . , "IL-ip Converting Enzyme Inhibition Blocks 
Progression of Type II Collagen-Induced Arthritis in Mice, " 
Cytokine , 8, pp. 377-386 (1996) (Exhibit 3) . 
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inflammation than treatment with steroidal anti-inflammatory 
agents used to treat human inflammation. Importantly, the level 
of ICE inhibition demonstrated by applicants' compounds (see, 
e.g., specification pages 49-54) would also be expected to be 
therapeutically useful. 

Similarly, B. E. Miller reports that parenteral 
administration of an ICE inhibitor selectively inhibits mature 
IL-1[3 production in vivo. 4 

D. K. Miller reports that mature IL-ip release in human 
peripheral blood monocytes was inhibited in a dose-responsive 
fashion from cells pre-treated with an ICE inhibitor, but not in 
cells pre-treated with a control. 

These studies demonstrate a correlation between in 
vitro and in vivo data. Thus, applicants' in vitro data are 
sufficient to support the claimed methods directed to treating 
various diseases by inhibiting interleukin- 1 13 in vivo. 

Applicants discuss further the correlation between 
caspases, IL-1, apoptosis, and the claimed diseases in more 
detail below. 

As established throughout applicants' specification as 
filed, the diseases recited in applicants' claims are associated 
with caspases. These diseases are IL-1- (inflammatory or 

4 Miller, B. E. et al . , "Inhibition of Mature IL-1|3 Production in 
Murine Macrophages and a Murine Model of Inflammation by WIN 
67694, an Inhibitor of IL-lp Converting Enzyme," J . Immunol . , 
154, pp. 1331-38 (1995) (Exhibit 4). 
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immunoregulatory ) or apoptosis-mediated (see, page 3, lines 6- 
28) . The links between IL-1, apoptosis and caspases have been 
established (see, page 1, line 31 to page 4, line 4). 
Furthermore, the art in the field confirms the link between 
caspases and applicants' recited diseases. Applicants will 
demonstrate that a link exists between, each of the claimed 
disease. Therefore, applicants are entitled to claims directed 
to the treatment of the various diseases recited in claims 7-10 
and 13 . 

Specifically, Bani has confirmed a correlation between 
IL-ip levels and tumor metastases. 5 As discussed in Bani, 
"treatment of mice with IL-1(3 can increase the number of 
artificial or spontaneous metastases and . . . this effect is not 
limited to a single tumor type or to a specific organ" (Bani, p. 
119). Metastasis formation was shown in several different tumor 
lines (Bani, p. 120). Thus, a skilled practitioner would expect 
that inhibition of IL-1 would decrease metastasis formation in a 
wide variety of tumors. This data demonstrates a correlation 
between a decrease in IL-1|3 levels and the treatment of tumors. 

Dewhirst supports a correlation between bone disease 
and IL-ip. 6 As discussed in Dewhirst , osteoclast-activating 

5 Bani, M.R., "Effect of Interleukin-l-beta on Metastasis 
Formation in Different Tumor Systems," J. Natl. Cancer Inst. 83, 
pp. 119-123 (1991) (Exhibit 5) . 

6 Dewhirst, F.E. et al . , "Purification and Partial Sequence of 
Human Osteoclast-activating Factor: Identity with Interleukin- 
lp," J . Immunol. , 135, pp. 2562-2568 (1985) (Exhibit 6). 
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Factor ("OAF") stimulates bone resorption ( Dewhirst , p. 2562). 
Dewhirst presents a dose-response curve showing a correlation 
between dose of OAF and bone resorption in cultured fetal rat 
long bones ( Dewhirst , p. 2566). Furthermore, as stated in 
Dewhirst , " [a] correlation between OAF production by bone marrow 
cells and the extent of bone disease and myeloma cell mass has 
been demonstrated" ( Dewhirst , p. 2562). Importantly, Dewhirst 
has shown that OAF is identical to IL-lp ( Dewhirst , p. 2562) . 
Thus, Dewhirst supports a correlation between a decrease in IL-ip 
levels and the treatment of bone disease. 

A correlation between sepsis and septic shock and IL-1 
has been established by Ohlsson . 7 Ohlsson showed that eight of 
ten rabbits treated with Escherichia, coli endotoxin died within 
48 hours ( Ohlsson , p. 550). In contrast, nine of ten rabbits 
treated with Escherichia, coli endotoxin and IL-lra "survived 
seven days and appeared to make a full recovery" ( Ohlsson , p. 
550). This study demonstrates that reduction of IL-1 levels is a 
viable treatment for sepsis and septic shock. 

Humans with sepsis have responded favorably to IL-lra 
treatment in a clinical trial reported by Boermeester . 8 

7 Ohlsson, K. et al . , 11 Interleukin-1 Receptor Antagonist Reduces 
Mortality from Endotoxic Shock," Nature , 348, pp. 550-552 (1990) 
(Exhibit 7 ) . 

8 Boermeester, M.A. et al . , "Interleukin-1 Blockade Attenuates 
Mediator Release and Dysregulation of the Hemostatic Mechanism 
During Human Sepsis, " Arch . Surg . , 130, pp. 739-748 (1995) 
(Exhibit 8) . 
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Boermees ter treated 26 patients who were suffering from sepsis 
syndrome with intravenous IL-lra ( Boermeester , p. 739). The 
patients were evaluated after 72 hours ( Boenneester , p. 740) . 
The patients that had been treated with IL-lra had reduced levels 
of several inflammatory mediators ( Boermees ter , p. 742) . 
Boenneester also discusses a study that demonstrated improved 
survival in a primate septic shock model ( Boermees ter , p. 739) . 
Thus, a correlation between reduction in IL-1 levels and the 
treatment of sepsis and septic shock has been demonstrated. 

As discussed above, Ku has also reported a correlation 
between IL-1 inhibition and treating inflammation and rheumatoid 
arthritis based on a mouse model of rheumatoid arthritis . 

ICE (caspase-1) inhibitors have been shown to be 
effective at reducing the severity and mortality of induced 
pancreatitis in rats. 9 Norman demonstrated, in a rat model of 
pancreatitis, that animals treated with the ICE inhibitor VE- 
13045, a novel, irreversible peptidyl ICE inhibitor, have a 
mortality rate of 22% as compared to a mortality rate of 68% for 
untreated animals ( Norman , p. 116) . Moreover, animals receiving 
the ICE inhibitor exhibited significantly less severe 
pancreatitis ( Norman , p. 116). Norman concludes that "[t]he 
current series of experiments demonstrates the efficacy of VE- 

9 Norman, J. et al . , "Severity and Mortality of Experimental 
Pancreatitis are Dependent on Interleukin-1 Converting . Enzyme 

(ICE)," J. Interferon Cytokine Res. , 17, pp. 113-118 (1997) 

(Exhibit 9 ) . 



13 045 in antagonizing ICE in vivo and confirms the importance of 
ICE in the processing and secretion of 11.-1" ( Norman , p. 117). 
Norman ' s study further demonstrates the profound detrimental 
effect of IL-lp during acute pancreatitis and therapeutic 
applications of ICE blocked in this disease. 

Estrov has linked suppression of IL-lp production with 
suppression of proliferation of acute myelogenous leukemia 
cells. 10 Estrov isolated and treated the cells with a small- 
molecule inhibitor of ICE ( Estrov , p. 387). Proliferation of the 
inhibitor-treated cells was significantly suppressed, in contrast 
to control-treated cells. Estrov showed similar results with an 
IL-l-responsive AML cell line ( Estrov , p. 387). 

McCarthy has demonstrated that IL-1 plays a role in 
graf t-versus-host disease (GVHD) . 11 McCarthy teaches that the in 
vivo administration of human IL-lra "reduce [d] the 
immunosuppression and mortality of GVHD" in mice that had 
received a graft of hematopoietic stem cells ( McCarthy , p. 1915) . 
McCarthy thereby establishes a link between IL-1 and GVHD and 
between IL-1 and autoimmune disease. 



10 Estrov, Z. & Talpaz, M . , "Role of Interleukin-0 Converting 
Enzyme (ICE) in Acute Myelogenous Leukemia Cell Proliferation and 
Programmed Cell Death," Leukemia & Lymphoma , 24, pp. 379-391 
(1997) (Exhibit 10) . 

11 McCarthy, P.L., "Inhibition of Interleukin-1 by an 
Interleukin-1 Receptor Antagonist Prevents Graft-Versus Host 
Disease," Blood , 78, pp. 1915-1918 (1991) (Exhibit 11). 
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Lan has treated another autoimmune disease, 
glomerulonephritis, with IL-lra. 12 Lan evaluated the effect of 
IL-lra treatment on the progression of established rat 
accelerated anti-GBM disease, a severe model of 

glomerulonephritis ( Lan , p. 13 07) . Lan determined that IL-lra 
treatment over days 7 to 21 halted the progression of established 
disease (Lan, p. 1308) . Lan concluded that IL-1 plays a key role 
in the progressive/chronic phase of renal injury in experimental 
crescentic glomerulonephritis, an autoimmune disease ( Lan , p. 
1303) . Lan thereby establishes a link between IL-1 and 
autoimmune disease, and confirms the usefulness of ICE 
(caspase-1) inhibitors in the treatment of autoimmune diseases. 

As discussed above, ICE (caspase-1) has been linked to 
the regulation of apoptosis in neurodegenerative diseases (see, 
specification page 3, line 12 to page 4, line 4). ICE is, 
therefore, a useful target for diseases associated with apoptotic 
pathways . 

Specifically, in vivo inhibitory effects of ICE have 
been demonstrated via an apoptotic pathway. Endres has shown an 
ICE inhibitor (z-VAD.FMK) to exhibit neuroprotective effects in a 
mouse model of mild ischemia. 13 Endres demonstrated that mice 



12 Lan, H.Y., " Interleukin-1 Receptor Antagonist Halts the 
Progression of Established Crescentic Glomerulonephritis in the 
Rat," Kidney Internat . , 47, pp. 1303-1309 (1995) (Exhibit 12). 

13 Endres, M. et al . , "Attenuation of Delayed Neuronal Death 
After Mild Focal Ischemia in Mice by Inhibition of the Caspase 

14 




treated with 120 ng of z-VAD.FMK 6 hours after reperfusion 
decreased infarct size and neurologic deficits at 72 hours, and 
sustained these protective effects for at least 7 days ( Endres , 
p. 242). Thus, Endres supports a correlation between ICE 
inhibitors and the treatment of stroke and other CNS injuries 

( Endres , p. 246) . 

Rouquet has also shown an ICE inhibitor to be effective 
in reducing in vivo liver apoptosis in mice. 14 This type of 
apoptosis is found in viral and inflammatory liver diseases 

( Rouquet , p. 1192). Rouquet concludes that "in vivo inhibition 
of ICE-dependent apoptosis . . . represents an attractive approach 
for treating liver injuries, including . . . those caused by 
inflammatory, viral and autoimmune diseases" ( Rouquet , p. 1194). 

Yaoita also supports the attenuation of apoptotic 
effects by administration of an ICE inhibitor. 15 Yaoita assessed 
the administration of the ICE-like inhibitor ZVAD-fmk in a rat 
model for myocardial reperfusion injury, and showed that ZVAD-fmk 
was effective in reducing myocardial reperfusion injury, which 



Family," J. Cereb. Blood Flow and Me tab. , 18, pp. 238-247 (1998) 
(Exhibit 13 ) . 

14 Rouquet, N. et al . , "ICE Inhibitor YVADcmk is a Potent 
Therapeutic Agent Against In Vivo Liver Apoptosis, " Curr . Biol . , 
6, pp. 1192-1195 (1996) (Exhibit 14) . 

15 Yaoita, H. et al . , "Attenuation of Ischemia/Reper fusion Injury 
in Rats by a Caspase Inhibitor," Circulation , 97, pp. 276-281 
(1998) (Exhibit 15) . 
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could be at least partially attributed to the attenuation of 
cardiomyocyte apoptosis ( Yaoita , p. 279). 

In addition to its role in the regulation of IL-1, 
apoptosis, and diseases related thereto, ICE (caspase-1) has been 
linked to the conversion of pro-IGIF to the pro- inflammatory 
cytokine IGIF, also known as IL-18, and to IFN-y production in 
vivo (see, specification page 3, lines 9-13). IFN-y has been 
shown to contribute to the pathology associated with a variety of 
inflammatory, infectious and autoimmune disorders and diseases. 
ICE is, therefore, also a useful target for IL-18-based 
therapeutic strategies because of its role in producing active 
IL-18 . 

ICE (caspase-1) activity has also been linked to 
intestinal inflammation, including colitis, inflammatory bowel 
disease, and Crohn's disease. Specifically, Siegmund discusses 
the role of ICE in the processing of IL-18. 16 Siegmund showed 
that blockade of the inflammatory cytokine IL-18 in a mouse model 
of DSS-induced colitis significantly decreased histological signs 
of inflammation ( Siegmund , p. 5) . 

A study on human myocardial tissue indicated that IL-lp 
and IL-18 are present in the heart after ischemia. 17 Pomerantz 



16 Siegmund, B., " Interleukin-1 (3 Converting Enzyme (Caspase-1) in 
Intestinal Inflammation," Biochem. Pharmacol . , 64, pp. 1-8 (2002) 
(Exhibit 16) . 

17 Pomerantz, B.J. et al . , "Inhibition of Caspase 1 Reduces Human 
Myocardial Ischemic Dysfunction via Inhibition of IL-18 and IL- 
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has shown that administration of an ICE inhibitor before the 
onset of ischemia resulted in the attenuation of ischemia-induced 
myocardial dysfunction ( Pomerantz , p. 2874) . Pomerantz therefore 
supports a correlation between ICE and IL-18 inhibition and the 
treatment of degenerative diseases such as myocardial ischemia. 

Vidal-Vanaclocha has investigated the role of IL-18 in 
mouse B16M cell adhesion to hepatic sinusoidal endothelium 
("HSE") in a model of cancer cell adhesion. 18 Importantly, 
administration of recombinant IL-18BP, an naturally occurring 
inhibitor of IL-18, completely reduced the adhesiveness of HSE 
for melanoma cells, indicating a strategic role for IL-18 in 
liver metastasis ( Vidal-Vanaclocha , p. 738) . Vidal-Vanaclocha 
thus supports a correlation between ICE and IL-18 inhibition and 
the treatment of cancer metastases . 

Chen has reported that inhibition of caspases has 
efficacy in a mouse model Huntington's disease. 19 Administration 
of either a broad caspase inhibitor or a combination of a 
caspase-1 inhibitor and a caspase-3 inhibitor, resulted in 
extended survival relative to the control group ( Chen , p. 800). 

1(3," Proc. Natl. Acad. Sci . , 98, pp. 2871-2876 (2001) (Exhibit 
17) . 

18 Vidal-Vanaclocha, F. et al . , "IL-18 Regulates IL- 1(3 -dependent 
Hepatic Melanoma Metastasis via Vascular Cell Adhesion Molecule- 
1," Proc . Natl . Acad . Sci . , 97, pp. 734-739 (2000) (Exhibit 18). 

19 Chen, M. et al . , "Minocycline Inhibits Caspase-1 and Caspase-3 
Expression and Delays Mortality in a Transgenic Mouse Model of 
Huntington Disease," Nature Med. , 6, pp. 797-801 (2000) (Exhibit 
19) . 
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Chen concludes that "an effective therapeutic intervention in HD 
will likely require inhibition of at least both of these 
caspases" ( Chen , p. 800) . Importantly, applicants have 
demonstrated that their compounds inhibit both caspase-1 and 
caspase-3 (see specification as originally filed at p. 49, line 
25 to page 50, line 3) . 

Grierson has linked caspase inhibition and Kennedy's 
disease in a whole cell model. 20 The caspase inhibitor VAD-fmk 
increased cell survival in a model of Kennedy's disease 
( Grierson , p. 19). Caspase activity has been linked to Kennedy's 
disease through cleavage of the androgen receptor. 21 These 
documents support a correlation between caspase inhibition and 
Kennedy' s disease . 

A link has also been established between epilepsy and 
caspases. 22 Kondratyev demonstrated that a " caspse-3 inhibitor ... 
significantly reduces vulnerability to the neuronal cell death 
that occurs" in an epilepsy model ( Kondratyev , p. 222) . Rats 
treated with the inhibitor before and again after a seizure had 

20 Grierson, A.J. et al . , "Androgen Induced Cell Death in SHSY5Y 
Neuroblastoma Cells Expression Wild-type and Spinal Bulbar 
Muscular Atrophy Mutant Androgen Receptors ' " Biochim. Biophys . 
Acta , 1536, pp. 13-20 (2001) (Exhibit 20) . 

21 Ellerby, L.M. et al . , "Kennedy's Disease: Caspase Cleavage of 
the Androgen Receptor Is a Crucial Event in Cytotoxicity, " J . 
Neurochem. , 72, pp. 185-195 (1999) (Exhibit 21) . 

22 Kondratyev, A. & Gale, K., "Intracerebral Injection of 
Caspase-3 Inhibitor Prevents Neuronal Apoptosis After Kainic 
Acid-evoked Status Epilepticus , " Mol . Brain Res . , 75, pp. 216-224 
(2000) (Exhibit 22) . 
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"markedly" less apoptosis in the rhinal cortex and hippocampus 
compared to control animals ( Kondratyev , p. 217 & 223). Other 
studies support this link. 23 For example, in a rat model of 
epilepsy, caspase inhibition also "significantly improved neuron 
survival ... following seizures" ( Henshall, p. 1220, 1222) . 

Prion disease has been linked to caspase-3. 24 A 
hallmark of prion disease is the presence of prion protein "PrP" ' 
and neurodegeneration . Caspase-3 induction was shown to occur 
"significantly prior to" PrP deposition and the onset of clinical 
symptoms ( Jamieson , p. 3569) . Caspase-3 activation has also been 
shown in a human form of prion disease, Creutz feldt- Jakob disease 
(CJD) . 25 Puig demonstrated "selective activation of caspase-3 in 
association with increased cellular vulnerability in CJD" ( Puig , 
p.l, abstract) . These studies confirm a link between caspases 
and prior disease. 

Li has linked caspase inhibition and spinal cord injury 
treatment. 26 Administration of a broad caspase inhibitor to mice 

23 Henshall, D.C et al . , "Involvement of Caspase-3 -like Protease 
in the Mechanism of Cell Death Following Focally Evoked Limbic 
Seizures," J . Neurochem . , 74, pp. 1215-1223 (2000) (Exhibit 23). 

24 Jamieson, E. et al . , "Activation of Fas and Caspase 3 Precedes 
PrP Accumulation in 87V Scrapie," Neurochem. , 12, pp. 3567-3572 
(2001) (Exhibit 24) . 

25 Puig B. 8c Ferrer, I., "Cell Death Signaling in the Cerebellum 
in Creutzfeldt- Jakob Disease," Acta Neurophathol . (Berl . ) , 102, 
pp. 207-215 (2001) (Exhibit 25). 

26 Li, M. . et al . , "Functional Role and Therapeutic Implications 
of Neuronal Caspase-1 and -3 in a Mouse Model of Traumatic Spinal 
Cord Injury," Neurosci . , 99, pp. 333-342 (2000) (Exhibit 26). 
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having spinal cord injuries "reduced post-traumatic lesion size 
and improved neurological recovery" (Li., p. 339) . The 
observations included that IL-ip levels after spinal cord injury, 
were 17-fold higher in injured mice than in control mice. 
However, treatment of the injured mice with a caspase inhibitor, 
led to a 52.3% reduction in IL-lp levels (Li, p. 335, and 
Table 2, p. 337) . According to Li, this study showed that 
"following acute surgical decompression and stabilization, local 
delivery of caspase inhibitors can be one of the components of an 
SCI treatment protocol in humans" (Li, p. 341) . 

Li's expectation that these results are applicable to 
humans is well grounded. Both apoptosis and activation of 
caspase-3 has been found in humans having spinal cord injuries. 27 
According to Emery , " apoptotic cell death is observed from 3 
hours to 8 weeks after traumatic human [spinal cord injuries]" 
( Emery , p. 918) . 

Activation of caspase-3 has been shown in humans 
suffering from traumatic brain injury. 28 Furthermore, caspase 
inhibition has been shown to be effective at treating traumatic 



Emery, E. et al . , "Apoptosis After Traumatic Human Spinal Cord 
Injury," J. Neurosurg. , 89, pp. 911-920 (2000) (Exhibit 27). 

28 Haerter, L. et al . , "Caspase-3 Activity is Present in 
Cerebrospinal Fluid from Patients with Traumatic Brain Injury, " 
J . Neuroimmunol . , 121, pp. 76-78 (2001) (Exhibit 28) . 
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brain injury in an animal model. 29 In particular, administration 
of a broad caspase inhibitor "improved motor and cognitive 
neurological dysfunction after [traumatic brain injury]" in rats 
(Knoblach, p. 1168). The injured animals performed better than 
control animals in several tests ( Knoblach , p. 1161). 'These 
studies confirm the relationship between caspases and traumatic 
brain injury and demonstrate the efficacy of treating traumatic 
brain injury with caspase inhibitors. 

Caspase inhibition has been linked to treatment of 
amyotrophic lateral sclerosis (ALS) . 30 A broad caspase inhibitor 
demonstrated "inhibition of disease progression and extended 
survival in a transgenic mouse model of ALS ( Li II , p. 338) . 
Elevated caspase levels, particularly ICE levels, have been found 
in human ALS patients. 31 Ethical considerations may have limited 
this study. Nevertheless, it indicates that the same disease 
state exists in human ALS patients as exists in animal models of 
ALS. It would, therefore, be believable to a skilled 



29 Knoblach, S.M. et al . , "Multiple Caspases are Activated after 
Traumatic Brain Injury: Evidence for Involvement in Functional 
Outcome," J. Neurotrauma , 19, pp. 1155-1170 (2002) (Exhibit 29). 

30 Li, M. et al. , "Functional Role of Caspase-1 and Caspase-3 in 
an ALS Transgenic Mouse Model," Science , 288, pp. 335-339 (2000) 
(Exhibit 30; " Li II" ) . 

31 Ilzecka, J. et al . , " Inter leukin-lp Converting 
Enzyme/Caspase-1 ( ICE/Caspase-1 ) and Soluble APO-l/Fas/CD 95 
Receptor in Amyotrophic Lateral Sclerosis Patients," Acta 
Neurolog. Scand. , 103, pp. 255-258 (2001) (Exhibit 31). 
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practitioner that caspase inhibition would be useful in methods 



for treating ALS . 

Caspases have also been linked to Alzheimer's disease. 
Allen linked caspase inhibition to protection against (3-amyloid 
peptide induced apoptosis. 32 (3-amyloid peptide is associated with 
neurodegeneration in Alzehimer's disease. Caspases have been 
shown to be activated in human Alzheimer's disease brains. 33 
Importantly, other studies are confirming the link between 
caspases and Alzheimer's disease. 34 According to Su, " caspase-3 
inhibition may be a viable therapeutic target for slowing the 
progression of AD" (Su, p. 356) . 

Caspase inhibition has been linked to the treatment of 
multiple sclerosis. 35 In a mice model (experimental autoimmune 
encephalomyelitis), a caspase-1 (ICE) inhibitor reduced 
encephalomyelitis at some phases of the disease course. 36 



Allen, J.W. et al., "Multiple Caspases are Involved in ft- 
Amyloid-Induced Neuronal Apoptosis," J. Neurosci . Res. , 65, pp. 
45-53 (2001) (Exhibit 32). 

33 Rohn, T.T. et al . , "Caspase-9 Activation and Caspase Cleavage 
of tau in the Alzheimer's Disease Brain," Neurobio . Pis . , 11, pp. 
341-354 (2002) (Exhibit 33). 

34 Su, J.H. et al . , "Activated Caspase-3 Expression in 
Alzheimer's and Aged Control Brain: Correlation with Alzheimer 
Pathology," Brain Res . , 898, pp. 350-357 (2001) (Exhibit 34). 

35 Ahmed, Z. et al . , "A Role for Caspase-1 and -3 in the 
Pathology of Experimental Allergic Encephalomyelitis," Am . J . 
Path. , 161, pp. 1577-1586 (2002) (Exhibit 35) . 

36 Furlan, R. et al . , "Caspase-1 Regulates the Inflammatory 
Process Leading to Autoimmune Demyelination, " J . Immuno 1 . , 163, 
pp. 2403-2409 (1999) (Exhibit 36) . 




Caspase-1 levels have been shown to be elevated in the brains of 
humans that had multiple sclerosis. 37 Furthermore, in a human 
cell line that is relevant to multiple sclerosis, a caspase 
inhibitor "was able to block the cytotoxic effects of TNF-a/IL-ip 
in a dose-dependent manner" ( Ming , p. 17). 

Caspases have been linked to Parkinson's disease. A 
protein caspase inhibitor (p35) has been shown to reduce the 
effects of Parkinson's disease in a mouse model. 38 Caspase 
levels have been positively correlated in the brains of humans 
who had Parkinson's disease. 39 

Caspases have been linked to atherosclerosis. 
Increased apoptosis is thought to be correlated with plaque 
complications in atherosclerosis, such as rupture. 40 Jacob 
demonstrated that caspase-3 is elevated in human plaques, which 



37 Ming, X. et al . , "Caspase-1 Expression in Multiple Sclerosis 
Plaques and Cultured Glial Cells," J. Neurol . Sci . , 197, pp. 9-18 
(2002) (Exhibit 37) . 

38 Viswanath, V. et al . , "Caspase-9 Activation Results in 
Downstream Caspase-8 Activation and Bid Cleavage in l-Methyl-4- 
Phenyl-1 , 2 , 3 , 6 -Tetrahydropyridine- induced Parkinson's Disease, " 
J. Neurosci. , 21, pp. 9519-9528 (2001) (Exhibit 38) . 

39 Hartmann, A. et al . , "Caspase-3: A Vulnerability Factor and 
Final Effector in Apoptotic Death of Dopaminergic Neurons in 
Parkinson's Disease," PNAS , 97, pp. 2875-2800 (2000) (Exhibit 
39) . 

40 Jacob, T. et al . , "Differential Proteolytic Activity and 
Induction of Apoptosis in Fibrous Versus Atheromatous Plaques in 
Carotid Atherosclerotic Disease," J . Vase . Surg . , 33, pp. 614-620 
(2001) (Exhibit 40) . 
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corroborates earlier work on "carotid artery plaques" ( Jacob , p. 
618) . 

Cell death has been linked to various types of graft 
rejection, including in coronary artery bypass grafts. 41 In 
human tissue, caspase-3 was "expressed in all areas of the 
grafts" (Wang, p. 323). 

Caspases have been linked to heart disease. A 
caspase-3 inhibitor has been shown to reduce myocardial stunning 
in a "working-heart rat model" ( Ruetten , p. 2069 ). 42 Caspase-3 
has also been linked to heart disease in humans. 43 

Caspases have also been linked to heart failure. 
Specifically, caspases have been shown to be elevated in patients 
undergoing heart failure. 44 Furthermore, the protein caspase 



Wang, A.Y. et al . , "Expression of Apoptosis-related Proteins 
and Structural Features of Cell Death in Explanted Aortocoronary 
Saphenous Vein Bypass Grafts," Cardiovasc . Surg . , 9, pp. 319-328 
(2001) (Exhibit 41) . 

42 Ruetten, H. et al . , "Inhibition of Caspase-3 Improves 
Contractile Recovery of Stunned Myocardium, Independent of 
Apoptosis-inhibitory Effects," J. Am. Coll. Cardiology , 38, pp. 
2063-2070 (2001) (Exhibit 42). 

43 Mallat, Z. et al . , "Evidence of Apoptosis in Arrhythmogenic 
Right Ventricular Dysplasia," N . Eng . J . Med . , 335, pp. 1190-1196 
(1996) (Exhibit 43) . 

44 Birks, E. et al . , "Quantitative Myocardial Cytokine Expression 
and Activation of the Apoptotic Pathway in Patients Who Require 
Left Ventrical Assist Devices," Circul . , 104 ( suppl . I), pp. 
1233-1240 (2001) (Exhibit 44). 



inhibitor p3 5 had "a positive impact on contractility 11 in a 
rabbit model of heart failure (Laugwitz, p. 2061). 45 

Similarly, caspases have been linked to myocardial 
infarction. Administration of a caspase inhibitor reduced 
ischemia in a rat model. 46 Elevated levels of capase-3 and 
apoptosis have been observed in human heart tissue after acute 
myocardial infarction. 47 According to Baldi , these results in 
combination with "experimental models" shows that " anti-apoptotic 
therapy (i.e. treatment with ... a broad caspase inhibitor) reduced 
infarct size ... thus opening new avenues in the diagnosis and 
treatment of ischemic heart disease ( Baldi , p. 173) . 

Sansonetti-1 demonstrates a critical role for IL.-1 in 
the pathogenesis of shigellosis. 48 In an in vivo rabbit model of 
experimental shigellosis, treatment with soluble IL-1 receptor 
antagonist decreased inflammation, destruction and bacterial 
invasion of their tissues . S ans one 1 1 i - 2 similarly confirms that 



Laugwitz, Karl-Ludwig et al . , "Blocking Caspase-Activated 
Apoptosis Improves Contractility in Failing Myocardium, " Human 
Gene Therapy , 12, pp. 2051-2063 (2001) (Exhibit 45) . 

46 Yaoita, H. et al . , "Attenuation of Ischemia/Reper fusion Injury 
in Rats by a Caspase Inhibitor," Circulation , 97, pp. 276-281 
(1998) (Exhibit 46) . 

47 . Baldi, A. et al . , "Apoptosis and Post-infarction Left 
Ventricular Remodeling, " J. Mol . Cell. Cardiol. , 34, pp. 165-174 
(2002) (Exhibit 47) . 

48 Sansonetti, P.J. et al . , "Role of Interleukin-1 in the 
Pathogenesis of Experimental Shigellosis," J. Clin. Invest. , 96, 
pp. 884-892 (1995) (Exhibit 48). 
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caspase-1 is essential for shigella-induced inflammation in 

49 

mice . 

Arndt confirmed a correlation between ICE, IL-18, and 
IL-1|3 and acute lung injury using a murine model of hemorrhage or 
endotoxemia . 50 The studies implicate ICE and IL-18 in the 
modulation of the development of acute lung injury after 
endotoxemia ( Arndt , p. 708). 

Bataille confirmed a critical role for IL-lp> and IL-6 
as os teoclast-activating factors responsible for the pathogenesis 
of bone lesions associated with multiple myeloma. 51 

Apoptosis, inflammatory cytokines, such as IL-1, and/or 
caspases have been linked to other diseases as follows. Hoek 
demonstrates a link between caspases and excess dietary alcohol 
intake disease. 52 Feltkamp has linked apoptosis and uveitis. 53 



49 Sansonetti, P.J. et al . , "Caspase-1 Activation of IL-1(3 and 
IL-18 are Essential for Shigella flexneri-Induced Inflammation, " 
Immunity , 12, pp. 581-590 (2000) (Exhibit 49) . 

50 Arndt P.G., et al . , "Expression of Interleukin-18 in the Lung 
After Endotoxemia or Hemorrhage-induced Acute Lung Injury, " A.J. 
Respir. Cell Mol . Biol. , 22, pp. 708-713 (2000) (Exhibit 50). 

51 Bataille R. , et al . , "The Critical Role of Interleukin-6 , 
Inter leukin- 1 p -Dependent and Macrophage Colony-stimulating Factor 
in the Pathogenesis of Bone Lesions in Multiple Myeloma, " Int . J . 
Clin. Lab. Res . , 21, pp. 283-287 (1992) (Exhibit 51). 

52 Hoek, J.B. Sc Pastorino, J.G., "Excess Dietary Alcohol Intake 
Disease," Alcohol , 27, pp. 63-68-590 (2002) (Exhibit 52, abstract 
only) . 

53 Feltkamp, T.E. & Ringrose, J.H., "Acute Anterior Uveitis and 
Spondyloarthropathies," Curr . Opin. Rheumatol. , 10, pp. 314-318 
(1998) (Exhibit 53, abstract only). 
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Rodriguez -Ramos has linked caspases and inflammatory 
peritonitis. 54 Ravage has linked inflammatory cytokines and 
burns. 55 Ehrmann 56 and Bantel 57 have linked caspases and 
hepatitis. Konishi has linked caspases and atopic dermatitis. 58 
Akasaka has linked caspases and scarring. 59 Boudard has linked 
caspases and myelodysplastic syndrome. 60 Mongan has linked 
caspases and haemorrhagic shock. 61 Zhao 62 and James 63 have linked 



54 Rodriguez -Ramos, C, et al . , "Expression of Proinflammatory 
Cytokines and their Inhibitors During the Course of Spontaneous 
Bacterial Peritonitis," Dig. Pis. Sci. , 46, pp. 1668-1676 (2001) 
(Exhibit 54, abstract only). 

55 Ravage, Z.B., "Mediators of Microvascular Injury in Dermal 
Burn Wounds," Inflammation , 22, pp. 619-29 (1998) (Exhibit 55, 
abstract only) . 

56 Ehrmann, J. Jr. et al . , " Apoptosis-related Proteins, BCL-2, 
BAX, FAS, FAS-L and PCNA in Liver Biopsies of Patients with 
Chronic Hepatitis B Virus Infection, " Pathol . Oncol . Res . , 6, pp. 
130-135 (2000) (Exhibit 56, abstract only) . 

57 Bantel, H. et al . , "Caspase Activation Correlates With the 
Degree of Inflammatory Liver Injury in Chronic Hepatitis C Virus 
Infection," Hepatology , 34, pp. 758-67 (2001) (Exhibit 57, 
abstract only) . 

58 Konishi, H. et al . , "IL-18 Contributes to the Spontaneous 
Development of Atopic Dermatitis-like Inflammatory Skin Lesion 
Independently of IgE/stat6 under Specific Pathogen- free 
Conditions," Proc . Natl. Acad. Sci. U.S.A. 20, pp. 11340-11345 
(2002) (Exhibit 58, abstract only). 

59 Akasaka, Y., et al . , "Enhanced Expression of Caspase-3 in 
Hypertrophic Scars and Keloid: Induction of Caspase-3 and 
Apoptosis in Keloid Fibroblasts in vitro , " Lab. Invest . , 80, pp. 
345-357 (2000) (Exhibit 59, abstract only) . 

60 Boudard, D. et al . , "Expression and Activity of Caspases 1 and 
3 in Myelodysplastic Syndromes," Leukemia , 14, pp. 2045-2051 
(2000) (Exhibit 60, abstract only) . 
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caspases to HIV-related encephalitis. Zhang has linked caspases 
and ageing. 64 Tsuda 65 and Sawaya 66 have linked caspases and 
alopecia and hair loss, respectively. Hauser has linked caspases 
and renal disease. 67 Yang has linked caspases and kidney 
disease. 68 Ashktorab has linked caspases and H. pylori- 
associated ulcer disease. 69 Perskvist has linked caspases and 



Mongan, P.D., "Pyruvate Improves Redox Status and Decreases 
Indicators of Hepatic Apoptosis During Hemorrhagic Shock in 
Swine," Am. J. Physiol. Heart Circ . Physiol. 283, pp. H1634-644 
(2002) (Exhibit 61, abstract only) . 

62 Zhao, M.L., et al . , "Expression of Inducible Nitric Oxide 
Synthase, Interleukin-1 and Caspase-1 in HIV-1 Encephalitis, " J . 
Neuroimmunol . , 115, pp. 182-91 (2001) (Exhibit 62, abstract 
only) . 

63 James, H.J. et al . , "Expression of caspase-3 in brains from 
paediatric patients with HIV-1 encephalitis," Neuropathol . Appl . 
Neurobiol . 25, pp. 380-386 (1999) (Exhibit 63, abstract only). 

64 Zhang, Y. et al . , "Age-associated Increases in the Activity of 
Multiple Caspases in Fisher 344 Rat Organs," Exp . Gerontol . , 37, 
pp. 777-89 (2002) (Exhibit 64, abstract only) . 

65 Tsuda, T. et al . , "Inhibitory Effect of M50054, a Novel 
Inhibitor of Apoptosis, on Anti-Fas-antibody-induced Hepatitis 
and Chemotherapy- induced Alopecia," Eur. J. Pharmacol. 433, pp. 
37-45 (2001) (Exhibit 65, abstract only) . 

66 Sawaya, M.E. et al . , "Effects of Finasteride on Apoptosis and 
Regulation of the Human Hair Cycle," J. Cutan. Med. Surg. , 6, pp. 
1-9 (2002) (Exhibit 66, abstract only). 

67 Hauser, P. & Oberbauer, R. , "Tubular Apoptosis in the 
Pathophysiology of Renal Disease," Wien Klin. Wochenschr. 114, 
pp. 671-677 (2002) (Exhibit 67, abstract only). 

68 Yang, B. et al . , "Caspase-3 and Apoptosis in Experimental 
Chronic Renal Scarring," Kidney Int . , 60, pp. 1765-1776 (2001) 
(Exhibit 68, abstract only). 



Ashktorab, H., et al . , "In vivo and in vitro Activation of 
Caspase-8 and -3 Associated with Helicobacter pylori Infection, 
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tuberculosis. 70 Koedel 71 and Braun 72 have linked caspases to 
meningitis . 

Thus, a link between caspase inhibition and the 
diseases recited in claims 7-10 and 13 has been established. 
Applicants have shown that caspase activation is associated with 
diseases and that caspase inhibition is associated with 
alleviation of diseases. In view of the teachings of applicants' 
specification and the knowledge in the art, the skilled artisan 
would be able to practice the claimed methods without undue 
experimentation and would expect the claimed methods to work. 

For all of these reasons, applicants request that the 
Examiner withdraw these section 112, first paragraph rejections. 



Microbes Infect . , 4, pp. 713-22 (2002) (Exhibit 69, abstract 
only) . 

70 Perskvist, N. , et al . , "Mycobacterium tuberculosis Promotes 
Apoptosis in Human Neutrophils by Activating Caspase-3 and 
Altering Expression of Bax/Bcl-xL via an Oxygen -dependent 
Pathway," J. Immunol. , 168, pp. 6358-65 (2002) (Exhibit 70, 
abstract only) . 

71 Koedel, U. , et al., "Evidence from Pharmacologic Caspase 
Inhibition and Caspase-l-def icient Mice," Ann . Neurol . , 51, pp. 
319-329 (2002) (Exhibit 71, abstract only). 

72 Braun, J.S., et al . , "Neuroprotection by a Caspase Inhibitor 
in Acute Bacterial Meningitis," Nat . Med. , 5, pp. 298-302 (2002) 
(Exhibit 72, abstract only). 
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35 U.S.C. § 103 

Claims 1-10 and 13 stand rejected as being obvious in 
view of Bemis et al . WO 95/35308. The Examiner contends that 
Bemis teaches several ICE inhibitors that include compounds in 
applicants' claims. Applicants traverse. 



moieties that are absent from applicants' claimed compounds. 
According to Bemis, the hydrogen bonding moieties are an 
essential part of the ICE inhibitors (see page 14, lines 2-14; 
page 18, lines 21-30; page 25, lines 17-25)). Bemis depicts 
these moieties as either one of the following structures: 



compounds. Importantly, each of these pyrimidone compounds have 
the required hydrogen bonding moieties. Furthermore, all of the 
Ri groups in Bemis noted by the Examiner call for these hydrogen 
bonding moieties (in formula ot at page 26) . For example, when Ri 
is (t), one hydrogen bonding moiety is on the 5-membered ring and 
the other hydrogen bonding moiety is on the 6-membered ring. 

In contrast, applicants' claimed compounds do not have 
these hydrogen bonding moieties. As amended claim 1 excludes a 



The Bemis ' compounds have certain hydrogen bonding 




As noted by the Examiner, Bemis discloses pyrimidone 
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-N(H)- group from ring C at the position beta to the indicated 
ring-B carbonyl . None of the rings exemplified in applicants' 
description have a hydrogen bonding moiety that would correspond 
to the hydrogen bonding moiety on, for example, the 5-membered 
ring in those Bemis compounds wherein R x is (t). 

For all of the above reasons, applicants request that 
the Examiner withdraw these § 103 rejections. 

Conclusion 

In view of the above, applicants request that the 
Examiner enter the above amendments, consider the foregoing 
remarks, and allow the pending claims to issue. 



Respectfully submitted, 



Lisa A. Dixon tfReg . No. 40,995) 
Attorney for Applicants 
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APPENDIX OF AMENDMENTS 



1. (Amended) A compound of formula I: 




I 



or a pharmaceutically acceptable [derivative] salt thereof, 
wherein : 

R 1 is hydrogen, CHN 2 , R, or -CH 2 Y; 

R is an aliphatic group, an aryl group, an aralkyl group, a 

heterocyclic group, or a heterocyclylalkyl group; 
Y is an electronegative leaving group; 

R 2 is C0 2 H, CH 2 C02H, or esters, amides or isosteres of CO 2 H or 

CH 2 CQ 2 H, thereof; 
X 2 -X! is N ( R 3 ) -C ( R 3 ) [ , C(R 3 ) 2 -C(R 3 ) , C(R 3 ) 2 -N,] or N=C [ , C(R 3 )=N, 

C(R 3 )=C, C (=0) -N , or C (=0) -C (R 3 ) ] ; 
each R 3 is independently selected from hydrogen or Ci_ 6 aliphatic, 
Ring C is a fused aryl ring , provided that the fused aryl ring 

does not have an -N ( H ) - group at the position adjacent to the 

-C ( 0 ) -N ( - ) - group in ring B ; 
n is 0, 1 or 2 ; and 
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each methylene carbon in Ring A is optionally and independently 
substituted by =0, or by one or more halogen, Ci_ 4 alkyl , or C 
alkoxy . 

2. (Amended) The compound of claim 1 having one or more 
the following [features] groups : 

(f) R 1 is -CH 2 Y wherein Y is a halogen, OR, SR, or 
-0C=0(R), wherein R is an aryl group or heterocyclic group 

(g) R 2 is C0 2 H or esters, amides or isosteres of C0 2 H 
thereof ; 

(h) X 2 -X x is N=C[, C(R 3 )=C, or C(=0)-N]; 

(i) Ring C is a fused five or six-membered aromatic ring 
having zero to two heteroatoms ; and 

( j ) n is 0 or 1 . 

3. (Amended) The compound of claim 2 wherein: 

(f) R 1 is -CH 2 Y wherein Y is a halogen, OR, SR, or 
-0C=0(R), wherein R is an aryl group or heterocyclic group 

(g) R 2 is C0 2 H or esters, amides or isosteres of C0 2 H 
thereof ; 

(h) X 2 -Xi is N=C[, C(R 3 )=C, or C(=0)-N]; 

(i) Ring C is a fused five or six-membered aromatic ring 
having zero to two heteroatoms; and 

( j ) n is 0 or 1 . 



4. (Amended) The compound of claim 3 wherein R 1 is -CH 2 Y 
wherein Y is F; R 2 is C0 2 H or an ester or amide thereof; X 2 -Xi is 
N=C [ , CH=C, or C(=0)-N]; Ring C is benzene ring; and n is 0 or 1. 



5. (Amended) The compound of claim 1, said compound 
selected from the compounds^ [listed in Table 2.] 



o 

Ring C [ n I x7 



Example 
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INTRODUCTION 

Interleukin-ip (IL-lp) and interleukin-la (IL-la) are proinflammatory cyto- 
kines that promote leukocyte infiltration, prostaglandin synthesis, joint swelling, and 
tissue destruction. 1 " 8 IL-la and IL-ip are members of a family of cytokines that also 
includes the IL-1 receptor antagonist protein (IL-1RA; see Figure 1), all of which 
are synthesized most prominently by monocytic cells. In contrast to the agonist 
activity of IL-la and IL-ip, 9 IL-1RA is a strict antagonist on IL-1 receptors. It is 
synthesized on membrane-bound polysomes and exported via the classical endoplas- 
mic reticulam (ER)/GoIgi route where it becomes glycosylated. IL-la and IL-lp, on 
» the other hand, both lack leader sequences and are found in cytoplasm. 10-14 IL-lp is 
released from cells following stimulation, and it is the major agonist form of IL-1 
found in biological fluids during diseased states. 15 * 16 In contrast, IL-la remains 
largely intracellular in spite of its synthesis at significant levels. 1317 IL-1RA is also 
released from stimulated cells, but its appearance in blood is delayed relative to that 
of IL-1 p. Because IL-1RA is produced at about 100-fold higher concentrations than 
IL-lp, it may serve to decrease IL-lp activity. 18 

The importance of IL-1 as a target for antiinflammatory therapy is shown by the 
efficacy of IL-1RA, soluble IL-1R, and.antiIL-1 receptor monoclonal antibodies in 
several animal models of human disease. 19 " 23 For example, PMN infiltration, swell- 
ing, and tissue necrosis were reduced in a rabbit model of inflammatory bowel 
disease by IL-1RA. Mortality was drastically reduced in murine graft vs host disease 
with the use of IL-1RA. Truncated soluble IL-1 receptors showed efficacy in 
reducing the swelling in cat adjuvant arthritis and blocking allograft rejection in 
mice. 24 Monoclonals against the IL-1 receptor have also been shown to block PMN 
extravasation and acute phase protein synthesis in mice. 25 

The importance of IL-ip as the primary form of IL-1 responsible in vivo has been 
confirmed recently by the discovery of pox virus proteins that are specific for IL-1 p. A 
pox virus protein, similar in structure to soluble type II IL-1 receptors, bound only 
IL-ip and not IL-la. Production of this protein by the virus reduced the cell- 
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Neutralizataon of .nterieukin-lf} activity /« vivo with a mono- 
clonal anybody alleviates collagen-induced arthritis taXKl 
mice and prevents the associated acute-phase response 

T. Geiger, „. Towbw, K Cosh™^, o. Zingel, , « C. RO^, M. GLATr, K. VOSBECK 

collagen-mduced armritls to mice. However, ^lj"e el£rZZt, *Z? "T" 1 . "*""' mM "' '» ™» «* 
» C « ra /, OTS m»„»cW J, moj, f,Z ? '"'""sated ,l,e effect of a 
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Introduction 

Tvpencollagen-inducedarthritisinrodents is regarded 
asoneofthe best animal models for rheumatoid arthritis and 
has been reported to have a number of characteristics in 
common with rheumatoid arthritis in man. Both diseases 
share the humoral and cellular immunological responses to 

Address reprint requests to; nomas Geiger. MD. R-10S6 P 30 
Cba-Getxy Ltd.. CH-4002 Basel. Switzerland. 

on May 5. accepted in revised form on August ,7. 



cZ^2 S 3 th ° Ugh ^ res P° nses ™ "»ch more 

Z S Be o TT^ 10 (M) - In additio »- MHC 

UoTn ' 6)anda P ronou ^edacute P hasereac- 
J^ctenstically observed in both diseases 

as analyzed by histology and immunohistochemis.rv. is 
quite similar to the situation in active stages of RA ( 1 1 P) 



Abbreviations used in this report- CIA- tx„, it , .« ~, ". 

arthritis- collavm ll- h ■ rc P°"- • rype II collagru-mdueej 
annnns. „lla X en II. bovine type II collate,,; EUSA- en-vinc-linkr I 
immunosorbent assay; IL-I- interleuLi,, i- ia-a; 
monoclonalantibodvHlTT I ia 1m! , \ """I" 01 '-* »>*B: 
; d '''■ mm - x ' l > ,b l><etetrazolm,&romide:S\P- u-rum 

amyloid P component; TSF-ct: tumor necrosis factor «. 
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In the development and progression of both CIA and 
RA the pro-inflammatory activities of various cytokines 
such as IL-la and IL-lp or TNF-a have been implicated 
(13-16). At present, it is not clear which member of the IL- 
1 family of monokines, IL-la or IL-lp, plays the pre- 
dominant role in the evolution of chronic inflammatory and 
arthritic diseases. With the availability of neutralizing 
antibodies to various cytokines in sufficient amounts during 
the last few years, it became possible to define the role of 
those cytokines in the pathophysiology of arthritic diseases. 

In the present study, we investigated the effect of a 
neutralizing monoclonal antibody to murine IL-ip on the 
development of collagen-induced arthritis in DBA/1 mice. 
Our aim was to study whether the systemic neutralization of 
IL- 1 p exerted an effect on joint destruction, on the associated 
acute phase response, and on the humoral response to 
heterologous collagen. 



Materials and methods 

Materials. Keyhole limpet hemocyanin (KLH), rabbit anti- 
mouse SAP and goat anti-mouse IgG, peroxidase-linked, was 
btained from Calbiochem (San Diego, USA). Donkey anti-rabbit 
IgG, horseradish peroxidase-linked antibody, was procured from 
AmerehamBucWer(Bucldnghanashire, UK). Recombinant murine 
IL-la was obtained from British Biotechnology (Abingdon, UK). 

Male DBA/1 H-2<1 mice, age 6 to 8 weeks, were used for the 
experiments. 

Preparation and in vitro testing of monoclonal mouse anti- 
mouse Jl^ip antibodies. Recombinant mouse IL-ip was ex- 
pressed in E. coli using standard techniques. The hybridoma cell 
line producing the monoclonal anti-IL-lp antibody (1400.24.17) 
was generated by fusing spleen cells of a BALB/c mouse which 
had been repeatedly immunized with a conjugate of recombinant 
mouse IL-lp and KLH using described methods ( 1 7). The antibody 
was purified from ascites fluid by precipitation with ammonium 
sulfate and ion exchange chromatography. The control antibody 
1226.31.3 against levoprotilin was generated identically. 

IL-1 activity was determined by proliferation of D10S cells 
using the MTT protocol (18). Briefly, 2 x 104 ceI | s W ere cultured 
in the presence or absence of the test antibody plus recombinant 
mouse IL-lp for 45 hours. The final volume was 200 uL 100 ul 
were removed and replaced with 25 \xi of an MTT (3-[4, 5 
<Hrnethylthiazol-2-yI ]- 2,5-diphenyltetrazolium bromide; 
thiazolylblue) solution (5 mg/ml). After incubation for 2 hours at 
37° C, 100 ul of a solution of 20% (w/v) sodium dodecylsulfate in 
DMF/water ( 1 : 1, ref. 19) were added to dissolve the crystals. The 
plates were read at 540 nM. 

Preparation of fetal bovine collagen type //. A fetal calf was 
obtained from the slaughterhouse and the articular cartilage was 
dissected and extracted with a papain solution, essentially as 
described by Strawich and Nitnni (20). All subsequent steps were 
pcrtormed at 4°C. 



The viscous residue was further extracted with 0.45 M 
sodium chloride, followed by 0.5 M acetic acid. Acid soluble 
collagen II was precipitated with 2.7 M sodium chloride and 
redissolved in 0.5 M acetic acid. After centrifugation, the clear 
solution was dialysed against 20 mM sodium phosphate to preci- 
pitate type II collagen. Solubilization in acetic acid and precipi- 
tation in 2.7 M sodium chloride was repeated, and after resoiubil- 
ization and extensive dialysis in 50 mM acetic acid, the type II 
collagen was lyophilized and stored at -80°C . The quality of the 
collagen II preparation was judged by electrophoresis on 5% 
polyacrylamide gels and the preparations were found to be 
essentially pure, except for trace amounts of type I and type IX 
collagen. 

Arthritis induction and animal treatment. One volume of 
type II collagen, dissolved in 10 mM acetic acid (4 mg/ml), was 
emulsified in an equal volume of complete Freund's adjuvant 
(Sigma) by repeated passage through a nearly closed stopcock 
mounted between two i ml syringes. The final emulsion remained 
stable as a drop on the surface of water for more than 5 minutes. 
Male DBA/1 mice, 6 to 8 weeks of age, were immunized intra- 
dermally with 50 ul of the collagen emulsion at the base of the tail 
(100 ug type II collagen/mouse). The day of primary immuni- 
zation corresponds to day zero in the figures. Three weeks later 
(corresponding to day 21), a booster injection of the same 
composition and amount was given at the contralateral side of the 
tail base. 

All animal manipulations, other than the antibody treatment, 
were performed under isoflurane anesthesia (Forene®, Abbott! 
USA). Monoclonal anti-lL-ip antibodies were diluted in 0.9% 
pyrogen-free saline and injected three times per week intra- 
peritoneally (100 ug/mouse per injection). Control animals were 
injectedeitherwith saline aloneorwithanon-cytokine monoclonal 
antibody of the same isotype (IgGl, mAb 1226.31.3), directed 
against an anti-depressant (anti-levoprotilin). 

For the clinical scoring, arthritic symptoms were carefully 
examined three times a week and animals showing any sign of 
arthritis (swelling, redness of paws or limping) were considered 
arthritic. Blood was collected under deep anesthesia by orbital 
bleeding on day 21 and at the end of the experiment on day 60, 
before final asphyxiation in C0 2 . For X-ray analysis, the animals 
were placed in a ventral position on Kodak X-Omat MA films and 
exposed with 28 kV, 1 25 mAs at a distance of 45 cm from the X- 
ray device (Mammomat, Siemens). 

Assessment of X-ray photographs. Eighteen joints per paw 
were evaluated using a binocular microscope. Arthritis signs were 
loss of bone walls, loss of metaphyseal bone density or destruction 
of the joint architecture. Each joint was given a rating of 0 (non- 
arthritic) or I (arthritic). A score of I meant that at least one side 
of the articulation showed a clear loss of the bone wall contour or 
aclear loss of metaphyseal bone density. The theoretical maximum 
score was 72 per animal (all joints in all four paws affected). All 
X-ray photographs were evaluated at least twice in a blinded 
fashion by one investigator. 

Determination of serum amyloid P. component (SAP) hv 
ELISA. SAP plasma levels were determined by a solid phase 
enzyme-linked immunoassay. The ELISA was performed essen- 
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tially as described by Serban and Rordorf- Adam (2 1 ). B riefly , the 
wells of polystyrene microtiter plates were coated with trinitro- 
phenylated keyhole limpet hemocyanin (TNP-KLH), then incu- 
bated with SAP-containing samples. The wells were sequentially 
incubated with rabbit anti-mouse SAP antiserum and horseradish 
peroxidase-linked donkey anti-rabbit IgG conjugate. Purified 
mouse SAP was used as a standard. The ELISA plates were read 
at 490 nM in a computer-driven ELISA reader (Canberra Packard) , 

Determination of anti-collagen antibodies. 96- well microtiter 
plates were coated with type H collagen dissolved in sodium 
bicarbonate buffer, pH 8.3 (25 jig/ml). The sera were added at a 
1:1000 dilution and bound mouse immunoglobulin was detected 
with peroxidase labeled goat antimouse IgG antiserum, essentially 
as described by Gosslau and Barrach (22). 

Statistical analysis. Statistical analysis was performed using 
the InStat computerprogram (GraphPad™ , San Diego, USA). The 
data are expressed as the mean ± SEM. Ten identically treated 
animals were used per group. The statistical significance between 
groups was calculated using the non-parametric Mann- Whitney 
U-test. For paired samples, the Wilcoxon signed-ranks test was 
used. 



Results 

Inhibition ofDIOS cell proliferation with monoclonal 
anti-ILp antibody 

The capacity of the monoclonal anti-IL-lp antibody 
1400.24. 17 to inhibit the proliferation of the murine T-cell 
line D10S was investigated. Figure 1 shows that about 50 



ng/ml of monoclonal anti-IL-lp were required to haif- 
maximally inhibit the proliferation induced by a constant 
concentration of murine IL-LfJ (100 pg/ml). In cultures 
without the addition of IL- 1 $ , the antibody had no influence 
on the proliferation of D 1 OS cells. Furthermore, the antibody 
did not interfere with the proliferation of D10S cells in 
response to human IL-la (data not shown). Unspecific 
toxic effects of the antibody on the viability of D10S cells 
could thus be excluded 

The cross-reactivity of the monoclonal anti-IL-lp 
antibody with murine IL-la was further investigated. The 
specificity of the monoclonal antibody 1400.24.17 for IL- 
lp was demonstrated by the ability of mouse IL-lp to 
efficiently compete with labeled IL-ip for binding to a 
limiting amount of antibody (Fig. 2). In contrast to IL-ip, 
IL-la did not show any inhibition of binding. These results 
clearly demonstrate that mAB 1400.24.17 is specific for 
murine IL-ip, without crossreacting with mouse IL-la. 

Effect of the monoclonal anti-lL-1 p antibody on the devel- 
opment and progression of collagen-induced arthritis in 
DBA-J mice 

Taking into account the in vitro neutralizing capacity 
of the antibody 1400.24.17, we injected 100 ng of mono, 
clonal anti-IL-ip 3 times per week. Two different treatment 
schemes were selected, starting antibody treatment either at 
day 3 after primary immunization or at day 2 1 , a time point 
where the early immunological reactions were already 
completed but where the arthritis was not yet manifest. 
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Fig. I . Inhibition of IL-I -dependent proliferation ofDIOS cells by m A B 
1400.24.17. 2x 10<D10S cells were cultured in the presence or absence 
of monoclonal anti-lL- 1 P antibody and recombinant mouse IL-tp(l00pg/ 
ml) for 45 hours. MTT solution was added and after incubation for 2 hrs 
at 37°C the crystals were dissolved and the plates were read at 540 nm. 
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Fig. 2. Inhibition tests with mAB 1400.24. 17 and mouse IL- la or IL- ip 
The monoclonal antibody 1400.24. 17(1.6 ng/ml) was incubated for 1 8 hrs 
at 4°C with varying concentrations of mouse IL- la <•) or mouse IL-ip 
(O) in the presence of a constant amount of chcmiluminesceiuly labeled 
mouse I L- 1 p ( I ng/ml ). Separation of bound from non-bound was achieved 
by incubation with paramagnetic particles carrying anti-mouse IgG 
immunoglobulins. After washing, the bound fraction was determined in a 
luminomctcr. 
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Fig. 3. The effect of anti-IL- If antibodies on arthritis incidence: clinical 
scoring. CIA was induced in DBA/1 mice at day 0 (primary immunization) 
by an intracutaneous injection of bovine type II collagen in Freund's 
complete adjuvant At day 21 the animals received a booster injection. 
Arthritis development was monitored 3 times a week (swelling, redness of 
paws, limping). Animals with any positive signs, irrespective of the 
severity, were regarded as arthritic, . 

■ untreated control; V saline; Q control antibody; • anti-IL- 1 0 (day 2 1 to 
end); T anti-IL- lp (day 3 to end). Statistical analysis was performed using 
Fisher's test with the following limits: n.s: p > 0.05; ** p < 0 01" *** d < 
0.001. 
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Fig. 4. The effect of anti-IL- ip antibodies on joint destruction: X-ray 
scoring. At day 60, the animals were sacrificed and X-ray pictures were 
taken as described in Materials and methods. The X-rays were evaluated 
using a binocular microscope in a double-blinded fashion. The theoretical 
maximal score was 72 (all 18 joints of all paws affected). Results are 
expressed as means ± SEM. 

Open bars: controls (neg.: no arthritis induced; pos.: arthritic control): 
cross-hatched bars: saline injections, starting at day 3; horizontally striped 
bars: control antibody starting at day 3; solid bars: anti-IL-lp starting at 
day 2 1 (left) or day 3 (right), n.s.: not significant ; * p < 0.05; *** p < 0.00 1 
(Mann-Whitney U-tcst). 



Figure 3 shows the clinical incidence of arthritis after 
the selected treatments. Arthritis developed in the untreated 
animals of the positive control group at day 30 and constandy 
increased until the end of the experiment at day 60, resulting 
in 80% arthritic animals. Injections of saline or control 
antibody did not significantly influence the time course or 
incidence of arthritis (n.s., p > 0.05). In contrast, treatment 
with anti-IL-lp antibodies starting at day 21 significantly 
reduced the arthritis incidence to about 30% (p < 0.01). In 
addition, a clear retardation of arthritis development was 
observed, with first clinical disease manifestations around 
day 50. Neutralization of IL-lp with the monoclonal anti- 
body starting on day 3 after immunization totally prevented 
the occurrence of arthritis (p < 0.001). The animals in the 
negative control group (not immunized) did not develop 
any signs of arthritis (data not shown). 

Effect of anti-IL-lp on joint destruction by X-ray scoring 

Collagen-induced arthritis in mice results in the 
destruction of the joint architecture through the loss of 
cartilage and the demineralization of bone. The pro- 
inflammatory and catabolic activities of IL-1 have been 
implicated in these processes. 

X-ray scoring of the joints of collagen-arthritis mice 



was performed at day 60. In Figure 4 it can be seen that 
established arthritis was associated with an increased number 
of affected joints. However, the scores in arthritic animals 
never reached the theoretical maximum of 72, as most of 
the arthritic animals only had one or two affected paws. 
Neither the injections of saline, nor the. injection of control 
antibody resulted in a significant effect In contrast, anti-IL- 
lp antibodies, given from day 21 up to the end of the 
experiment, reduced the joint destruction score significandy. 
When given from day 3 after immunization, the antibody 
was even more effective in ameliorating joint destruction (p 
< 0.001), although complete protection of joint destruction 
was not achieved, as compared to the negative control 
group. 

Effect of anti-IL- Ifi on plasma levels of serum amvlohl P 
(SAP) 

SAP is one of the major positive acute phase proteins 
in the mouse and has been shown to increase during the 
development of arthritis in the CIA model (7, 21. 23). 

Figure 5 shows the SAP levels in serum taken at day 2 1 
(open bars) and at day 60 (solid bars). The SAP levels at day 
60 were found to be significantly increased in arthritic 
animals (240 ± 103 jig/ml) ) but were rather low in non- 
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Fig, 5. The effect of anti-U^ip antibodies on the acute phase response. 
Comparison of serum SAP levels at day 2 1 and day 60. Blood was collected 
by orbital bleeding at day 21 (open bars) and at day 60 (solid bars) for the 
determination of SAP. Serum SAP levels were measured by ELISA. 
The results are expressed as means ± SEM. n.s.: not significant; * p < 0.05 ; 
*** p < 0.001. The differences in serum SAP between days 2 1 and 60 for 
the various treatment groups were statistically analyzed using the Wilcoxon 
test for paired samples. 
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Fig. 6, The effect of anti-IL- 1 p antibodies on anti-collagen IgG antibody 
levels. CIA was induced as specified in the legend to Figure 3. On day 60 
blood was collected by orbital bleeding under deep narcosis and the serum 
was prepared. Anti-collagen antibody titers (IgG) were determined by 
ELISA. 

Results are expressed as means ± SEM. The symbols and confidence limits 
are the same as in Figure 4. 



arthriticanimals(17.2 ± 15ng/ml,p < 0.001). Neitherinjec- 
tions of saline nor injections of control antibody significantly 
reduced these elevated SAP levels. In contrast, injection of 
anti-IL-ip from day 21 or from day 3 onwards reduced the 
SAP levels (21 ± 9.1 ng/ml and 18.2 ± 13.8 ng/ml, 
respectively). The SAP levels of the latter group (day 3) 
were not statistically different from the levels of non- 
arthritic animals (p = 0.13, Mann-Whitney U-test). 

SAP plasma levels at day 60 were further compared to 
those at day 2 1 . Figure 5 shows that SAP levels in immunized 
animals at day 21 were not different from those of the 
animals in die negative control group, indicating that the 
acute-phase reaction in the animals is not observed before 
the development of arthritis. In arthritic animals, a highly 
significant increase in serum SAP levels was found between 
days 21 and 60 (p < 0.01). A significant increase was also 
observed in animals that had been treated with saline (p < 
0.01 ) or with control antibody (p < 0.05). In contrast, mice 
that had been treated with anti-IL- lp antibodies starting at 
day 21 or at day 3 after immunization did not show an 
increase in serum SAP levels between days 21 and 60. The 
animals treated with anti-IL- lp antibodies instead showed 
a tendency toward decreased SAP levels, comparable to the 
animals of the negative control group (difference in SAP 
levels between days 21 and 60 not significant). These 
results demonstrate that the injection of anti-IL- 1 p antibodies 
totally prevented the arthritis-associated acute-phase 
responsie. 



Effect ofanti-IL-lp treatment on the humoral response to 
heterologous type II collagen 

In the final set of measurements we investigated the 
humoral response to heterologous collagen, which has been 
found to result in high levels of circulating antibodies to 
type II collagen in CIA, first of the IgM isotype, later in the 
disease of the IgG isotype (1, 2, 24). 

As shown in Figure 6, anti-collagen antibodies (IgG) 
increased significantly after immunization with type II 
collagen (day 60 after immunization). The titers of anti- 
collagen antibodies were not significantly influenced by the 
injection of either saline or control antibodies. Interestingly, 
injections of anti-IL- ip antibodies, starting either at day 21 
or at day 3, had no significant effect on anti-collagen 
antibody titers, in spite of their suppressive effect on the 
other parameters of arthritis. 

Discussion 

In the present study we show that the evolution of 
collagen- induced arthritis in mice is suppressed by treatment 
of the animals with a neutralizing monoclonal antibody to 
IL-ip. The clear suppressive effect of the treatment with 
this antibody, which is directed only against IL-lp, was 
somewhat unexpected. The interleukin-l family consists of 
two members, IL-la and IL-lp, which are functionally 
indistinguishable and possess a wide spectrum of pro- 
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inflammatory properties, including bone demineralization, 
cartilage destruction, acute phase protein induction and 
fever induction (25). 

Although IL- 1 a and IL- 1 P are the products of distinct 
genes, they bind to the same cell surface receptors and share 
various biological activities. While IL-lp is mainly secre- 
ted, IL-loc exists in a membrane-associated form that has 
been implicated in the antigen-presenting capacities of cells 
of the monocyte/macrophage lineage (25, 26). Our 
neutralizing antibody to IL-1 p did not neutralize IL- 1 a, but 
nevertheless resulted in a clear and almost complete suppres- 
sion of joint destruction in collagen-induced arthritis in 
nuce and completely prevented the associated acute phase 
response. These results suggest an important role of IL- 1 p 
in the pathophysiological disturbances seen in collagen- 
induced arthritis, and perhaps also in different chronic 
inflammatory joint diseases, including rheumatoid arthritis 
in man. 

Evidence for the involvement of cytokines in the 
development of collagen-induced arthritis has been presented 
recently, both by the application of recombinant cytokines 
and by the neutralization of cytokine activity with antibodies. 
Killar and Dunn (14) described the potentiation of collagen- 
induced arthritis in mice upon the systemic administration 
of recombinant IL- 1 p and concluded that this effect may be 
due in part to an augmentation of the immune response to 
heterologous collagen. 

A similar potentiation of disease was described after 
the systemic application of TNF-a (15) or IL-lp (16) by 
osmotic minipumps or by the intra-articular injection of 
TNF-a or TGF-p (27), although in another report a pro- 
tective effect of TGF-p was described (28). Suppressive 
effects on collagen arthritis were reported in studies using 
antibodies directed against the T-cell receptor ap frame- 
work (29, 30) and after the subcutanous application of 
interferon-y. The latter treatment was associated with a 
significant suppression of the serum anti-collagen antibody 
response (31). 

Due to their various pro-inflammatory activities, 
including the induction of tissue-degrading enzymes in 
cartilage, IL-ip and TNF-a have been regarded as major 
mediators in the connective tissue destruction associated 
with chronic inflammatory joint diseases (32-34). Hie 
administration of neutralizing anti-TNF antibodies prior to 
disease onset significantly reduced paw swelling and 
histological severity without reducing the incidence of 
arthritis or the level of circulating anti-type II collagen IgG 
(35). Although in that study the levels of monoclonal 
antibodies administered were comparable to those of our 
study, we found a clear and almost complete suppressive 
effect on the incidence of arthritis when anti-IL-lp anti- 
bodies were injected prophylactically. This difference in 
efficiency might indicate that IL-lp is a predominant 



mediator for the development of arthritis, the neutralization 
of which is more favourable in terms of the prevention of 
arthritic disease. Neverthess, it is not possible to predict 
which cytokine actually plays the dominant role in the 
development of arthritic diseases, due to the fact that the 
neutralization of one cytokine by the injection of antibodies 
might exert potent negative feedback effects on the entire 
cytokine system"(25). 

However, Piguet et aL (36) recently reported that the 
neutralization of TNF by either anti-TNF antibodies or 
soluble TNF receptors arrested the evolution of collagen 
arthritis, as shown by histological analysis. This effect was 
seen when treatment was started 2 weeks after immuniz- 
ation, l>ut was not observed when treatment was started 2 
months after induction of the disease. Consistent with our 
findings, treatment with anti-TNF antibodies did not 
influence the production of anti-collagen antibodies. These 
results are in agreement with our observations, in the sense 
that the potency of neutralizing IL-ip is. most effective 
when started early after immunization. We entirely agree 
with the conclusions drawn by Piguet et aL (36) that the 
antagonism of cytokines, when achieved in an early phase, 
can prevent the long-term evolution of collagen arthritis. It 
would be interesting to investigate whether the inhibition of 
IL- 1 p, in contrast to TNF-a, still exerts an alleviating effect 
on arthritis when given therapeutically in established arthritis, 
instead of prophylactically. 

In several studies the role of IL-1 in the evolution of 
collagen-arthritis was investigated by either injecting IL-1 
and monitoring aggravation of experimental arthritis (14, 
16, 37), by neutralizing IL-1 with antibodies (38), or by 
injecting recombinant human IL-1 receptor antagonist, an 
endogenous inhibitor of IL-1 (39). Most of these studies 
presented evidenbe for the important role of IL-1 in the 
development and progression of arthritic diseases. However, 
discrimination between the relative contributions of the two 
IL-1 forms, IL-la or IL-lp, could not be achieved with 
these approaches^ 

Nevertheless, in the study by van de Loo et aL (38) the 
authors identified the released IL- 1 in synovial tissue to be 
primarily of the IL- 1 a subtype. In that study it was demon- 
strated that the cartilage proteoglycan loss could be effi- 
ciently prevented by a mixture of neutralizing antibodies 
directed against both IL-la and IL-lp. The finding of 
primarily IL-lainsynovialtissuecontrasts with our results, 
inasmuch as we describe in this paper an almost complete 
protective effect of anti-IL- 1 p antibodies in mouse collagen- 
induced arthritis. One explanation for this discrepancy 
might be the stimulus used to induce the arthritis, i.e. 
heterologous collagen in our study and mBS A in the study 
by van de Loo et aL Another explanation might be differences 
in the specificity and/or affinity of the antibodies used. 
From our results we conclude that IL- 1(3 is the mediator 
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predominantly responsible for the pathophysiological 
disturbances in collagen arthritis, including joint destruc- 
tion and the concomitant acute phase reaction, although a 
secondary effect on IL-la expression by negative feed- 
back inhibition was not excluded specifically in our study. 

The humoral response to heterologous collagen has 
been regarded as an absolute prerequisite for the development 
of arthritis in this animal model. Moreover, the rise in anti- 
collagen IgG antibodies has been shown to occur con- 
currently with the development of arthritic disease (40, 44). 
In addition, passive transfer of arthritis with anti-collagen 
antibodies has been achieved (41-43). These results were 
taken as an indication that the response to heterologous 
collagen is correlated with the evolution of arthritis. How- 
ever, in this study we clearly show that the suppression of 
arthritis development by the application of an anti-IL-ip 
antibody occurs without an effect on anti-collagen antibody 
titers. Similar effects, i.e. alleviation of arthritis without 
suppression of anti-collagen antibody titers, have been 
described after the injection of anti-TNF antibodies (35, 
36). In contrast, injection of anti-IFN-y antibodies resulted 
in a significant modulation of collagen-arthritis which was 
associated with a pronounced suppression of the serum anti- 
collagen antibody response (31). 

In accordance with published data (35, 36), our results 
suggest that the alleviation of arthritis is not necessarily 
reflected by a concomitant suppression of the humoral 
response to heterologous collagen, but can occur without 
reduction of anti-collagen antibody titers. This finding 
might be taken as an indication that the antibody response 
to collagen, although an absolute prerequisite for arthritis to 
develop, is not correlated to the severity and progression of 
the disease. In addition, these findings argue for an important 
role of cell-mediated immune responses in the pathophysio- 
logy of arthritic diseases, which are presumably negatively 
influenced by the inhibition of pro-inflammatory cytokines 
such as IL-ip or TNFoc. 

Taken together, the protective effect of the inhibition of 
the pro-inflammatory cytokine IL- 1 P in this model supports 
the concept that potent IL-1 and/or cytokine antagonists 
might supply us with new and hopefully more effective 
therapeutics for the treatment of rheumatoid arthritis and, 
perhaps, other autoimmune diseases. 
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IL-1 is a principal mediator in the pathogenesis of 
several diseases including rheumatoid arthritis, sys- 
temic inflammatory response syndrome (SIRS), inflam- 
matory bowel disease, glomerulonephritis and 
insulin-dependent diabetes mellitus. 1 The proinflam- 
matory activities of IL-1 have been characterized exten- 
sively and its importance in the pathogenesis of multiple 
diseases reflects IL-1 induction of other cytokines, cell 
adhesion molecules and inflammatory mediators. 2 - 3 
There are two IL-1 agonists, IL-la and IL-lp, that share 
minimal sequence identity; 4 - 5 however, both IL-la and 
IL-IP interact with the same cellular receptors and their 
biological activities are indistinguishable. 67 Several 
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strategies for blocking IL-1 have been explored, includ- 
ing use of the IL-1 receptor antagonist (IL-1RA) and 
soluble IL-1 receptors (sIL-lR) .« Results from animal 
and initial human studies show that blocking IL-1 activ- 
ity may have a therapeutic benefit. In animal studies, 
IL-1RA or sIL-lR treatment reduces the severity of 
endotoxin induced sepsis, 1 *" 12 prevents allograft rejec- 
tion, graft versus host disease 13 and blocks progression 
of arthritis in experimental models. 14 " 16 Initial clinical 
studies in patients with rheumatoid arthritis suggests 
that intra-articular or subcutaneous administration of 
sIL-lR or IL-1RA may reduce joint tenderness and 
inflammatory symptoms. 17 " 19 However, in patients with 
SIRS, IL-1RA treatment has a more limited thera- 
peutic benefit, which may reflect the involvement 
of TNF-a and other mediators. 20 

IL-ip and IL-la are each synthesized as 31-33 kDa 
precursors lacking conventional secretory signal 
sequences 4 - 5 and both cytokines are processed to mature 
forms by proteases. 21 " 24 Membrane associated IL-la 
precursor has biological activity, 25 - 26 although the IL-ia 
precursor may be processed to its mature form by the 
calcium-dependent protease, calpain. 21 - 22 Mature 17 
kDa IL-lp is generated by the IL-lp converting enzyme 
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(ICE), a unique cytoplasmic cysteine protease that is 
essential for IL-ip precursor processing and export of 
mature IL-lp from monocytes. 27,28 ICE is composed of 
two non-identical 20 and 10 kDa subunits which are 
derived from a 45 kDa proenzyme by autoprocess- 
ing. 27 ' 29 The three-dimensional structure of ICE com- 
plexed with prototype inhibitors has been solved and 
catalytic residues in the active site have been identi- 
fied. 30 * 31 

There is considerable interest in ICE as a target for 
design of novel anti-inflammatory or disease modifying 
drugs. Studies with prototype ICE inhibitors have 
demonstrated activity in blocking IL-ip production by 
monocytes in vitro and in whole blood assays. 27 
However, the potential of ICE inhibitors for efficacy in 
vivo has not been evaluated. We have initiated experi- 
ments to investigate the biological function of ICE in 
vivo, including studies with ICE-deficient mice. 32 Here 
we have utilized two prototype peptidyl ICE inhibitors, 
VE-13,045 (carbobenzyloxy-Vai-Ala-Asp-(O-Et)- 
CH 2 0-dichlorobenzoate), and VE-16,084 (carboben- 
zyloxy-Val-Ala-Asp-CH 2 0-dichlorobenzoate) to 
evaluate the efficacy of ICE inhibition on IL-1 produc- 
tion in vivo. In a model of SIRS, we measured the effect 
of ICE inhibition on DL-lp serum levels in LPS-chal- 
lenged mice. We chose Type II collagen-induced arthri- 
tis (CIA) in the mouse as a model of rheumatoid 
arthritis (RA). CIA involves MHC class II linkage, 
humoral and cellular immunological responses to Type 
II collagen (CII), synovial inflammation, cartilage and 
bone destruction similar to human RA. 33 Neutralization 
of IL-1 activity in vivo with anti-IL-ip and anti-IL-la 
antibodies or IL-1RA blocks disease progression 3435 
suggesting a pre-dominant role for EL-i in the patho- 
genesis of CIA. We examined, therefore, the therapeu- 
tic potential of ICE inhibitors in this chronic disease 
model. 



RESULTS 

Chemical structure and properties of prototype 
peptidyl ICE inhibitors 

VE-13,045 and VE-16,084 (carbobenzyloxy-Val- 
Ala-Asp-(0-Et)-CH 2 0-dichlorobenzoate and car- 
bobenzyloxy-Val-Ala-Asp-CH 2 0-dichlorobenzoate; 
Figure 1) are potent irreversible ICE inhibitors. In an 
in vitro enzyme assay, VE-13,045 and VE-16,084 inhibit 
ICE activity with IQo's of approximately 1 |iM and 10 
nM, respectively. The two compounds differ only by the 
presence of an ethyl ester side chain in the aspartyl 
moiety of VE-13,045. In cellular assays in vitro, the 
ester side chain is probably hydrolysed to the free acid 
(VE-16,084) by membrane non-specific acid esterase. 
Differences in potency observed with these compounds 
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S*°y CH3 H ° a 

<arbobenzyloxy-VaI-Ala-Asp(OEt)-CH20-dichloro-beiizoate 
VE-16,084 

H 3 C CH 3 .C0 2 K 
O I H O / 0 CI 

carbobenzyloxy- Val-Ala-Asp-CHjO-dichloro-benzoate 

Figure L Chemical structure of prototype peptidyl ICE inhibitors, 
VE-13,045 and VE-16,084. 

in vitro may reflect plasma membrane lipid composi- 
tion and permeability, enhanced or diminished uptake 
of the ester or acid forms, rate of ester hydrolysis to the 
acid, and general stability of the compounds after expo- 
sure to cellular proteases. In vivo, the aspartyl ester side 
chain in VE-13,045 is rapidly hydrolyzed, with a serum 
half life of about 10 min, yielding VE-16,084 (LR. Ager 
and J. M. C Golec, personal communication) as the 
bioactive molecule. 

Inhibition of ICE activity in vitro blocks secretion 
of both IL-1 pond IL-1 a 

VE-13,045 and VE-16,084 block secretion of IL-lp 
(IQo's of 0.4 nM and 2.0 fiM, respectively) by LPS stim- 
ulated human adherent monocytes (Fig. 2A). Both 
compounds also block IL-lp secretion after nigericin 
treatment 36 of murine splenic monocytes stimulated 
overnight with LPS. Here, VE-16,084 is more potent 
(IQo -1.3 HM) than VE-13,045 (IQo -10 ^iM; Fig. 2B). 
The cellular potency of VE-16,084 for inhibition of 
IL-ip secretion by murine splenic monocytes is consis- 
tent with results from an independent study with the 
same compound (WIN 67694) after LPS stimulation of 
thioglycolate elicited murine peritoneal miacrophages. 38 

Surprisingly, VE-13,045 and VE-16,084 block 
secretion of IL-1 a by human adherent monocytes 
(IQo's of 0.3 jxM and 10 pM, respectively; Fig. 2A). Both 
compounds also affect IL-1 a secretion by murine 
splenic monocytes treated with nigericin, however, VE- 
13,045 is a less potent inhibitor of murine IL-lot secre- 
tion (IC 50 of >20 MM) than VE-16,084 (IQo -10 ^M; 
Fig. 2B). No inhibition of TNF-a or IL-6 secretion 
was observed with VE-13,045 or VE-16,084 in these 
experiments (not shown). Also, VE-13,045 and VE- 
16,084 did not effect viablity of human or mouse mono- 
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TABLE L Effect of VE-13,045 administration on IL-lb 
serrnn levels in LPS challenged CD1 mice 
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ICE Inhibitor Concentration (|iM) 
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ICE Inhibitor Concentration OiM) 

Figure X Effect of VE-13,045 and VE-16,084 on IL-lp and IL-la 
secretion by LPS-stimuIated (A) human adherent monocytes and 
(B) mgericin treated murine splenic monocytes. 

Human or murine cells were incubated with LPS (1 ug/ml and 10 
ug/ml, respectively) for 16-18 h. Murine cells were then washed and 
incubated with 10 uM nigericin for an additional 30 min. Cytokine 
levels m culture supernatants were measured by ELISA. Results are 
expressed as the % inhibition (mean ± SEM) by VE-13,045 (closed 
symbols) or VE-16,084 (open symbols) for IL-lp (squares) and IL- 
la (circles) secretion compared to LPS-stimuiated control cultures. 
These data are representative of at least four replicate experiments. 

cytes in these assays as measured by trypan blue stain- 
ing or lactate dehydrogenase activity in culture super- 
natants, and concentrations as high as 40 \xM have no 
effect on proliferation of THP-1 monocytes (not 
shown). 

)vE- 13,045 blocks LPS-induced IL-lp production 
in vivo 

Initial experiments established an LPS dose- 
response and time course profile of serum cytokines in 
CD1 mice. After administration of LPS at 40 mg/kg, 
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+30 min 
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214 ± 153 
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158 ± 63 


68 








P < 0.01 


+90 min 
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474 ± 67 
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S» rurm^S^S^ ^° Up) " ere cWta "l«» ™* ^ (40 mg/kg in 
0J%CMC-PBSat20mJ^)by m traperitonealtaiectioiLVE43 > 045(50mg^e) 
prepared in olive ofcethanoliDMSO (90:5:5) was also administered by 
intraperitoneal injection simultaneously with US or at time points after LPS 
challenge. Mce were bled 7 h after LPS challenge and IL-lb serum levels were 
determined by ELISA. 

serum IL-la and IL-lp levels begin to increase after 
1-2 h and peak at 6-8 h while serum TNF-a or IL-6 
reached maximal levels at 1.5-2 h. VE-13,045 was 
administered before, with or after LPS and serum 
IL-la and IL-lp levels were measured 7 h after LPS 
challenge. Significant inhibition of LPS-induced IL-lp 
production was observed with a single 50 mg/kg dose 
of VE-13,045 administered 60-75 min after LPS 
(Table 1). VE-13,045 administration 30, 60 or 90 min 
before or simultaneously with LPS failed to reduce 
EL-1 p levels (data not shown). Some reduction in serum 
IL-la levels was also noted in VE-13,045 treated mice, 
but this effect was variable. No effect of VE-13,045 was 
observed on serum levels of TNF-a or IL-6 in LPS- 
challenged mice (data not shown). 

This effect of the timing of VE-13,045 administra- 
tion on reduction of IL-lp serum levels is consistent 
with its pharmacokinetics and the time course of IL-lp 
production. In pharmacokinetic studies, a single 20 
mg/kg intraperitoneal dose of VE-16,084 in mice 
resulted in a maximum plasma concentration (C^) of 
approximately 10-12 ng/ml within 10-15 min and an 
estimated terminal elimination half life (t^P) of 15-20 
min (I. R. Ager and J. M. C. Golec, unpublished obser- 
vations). Therefore, a maximum inhibitory effect was 
observed when plasma drug concentrations coincided 
with the initial increase in IL-lp production (between 
1-2 h), resulting in maximum reduction in the serum 
IL-ip levels measured at the 7 h time point. 

Incidence and progression of Type II 
collagen-induced arthritis 

We initially evaluated the incidence, severity and 
progression of Type II collagen arthritis in DBA/1 J mice 
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induced by immunization with 100 |ig CII followed by 
a booster injection of 100 ng CII 21 days later. 3437 We 
detected a 60% incidence of arthritic disease when fol- 
lowing this protocol, with an average severity of level 2 
(focal swelling of the wrist) observed within 14 days of 
the CII booster injection. When the booster injection 
was increased to 200 |xg CII, we detected a 100% inci- 
dence of inflammation and a consistent time course pro- 
gression of arthritic disease. Erythema (level 1) was first 
evident 4-5 days after the CII booster injection. Focal 
carpal (wrist) joint swelling (level 2) occurred within 
8-12 days, with progressive swelling of the entire wrist 
(level 3) by day 16 to 18. Progression of swelling to 



the metacarpal/metatarsals (palm region; level 4) was 
observed in 10-15% of the animals and further pro- 
gression to the metacarpophalangeal or metatarsal- 
phalangeal joints (level 5) in only 5% of the animals. 

Prophylactic and therapeutic efficacy of VE- 13,045 
in Type II collagen-induced arthritis 

The incidence and progressive pattern of inflam- 
mation and arthritic disease observed in the modified 
Type II collagen arthritis model described above 
appeared to be suitable for testing the therapeutic 
potential of ICE inhibitors. Therefore, we evaluated 
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Figure 3. Effect of VE-13,045 on the clinical course of Type II collagen-induced arthritis in DBA71J mice. 

(A) Prophylactic therapy with VE-13,045 ( ; 50 mg/kg/d), prednisolone (A; 10 mg/kg/d) and indomethacin (O; 2 mg/kg/d) compared 
to vehicle-treated mice (■). (B) Prophylactic dose-response study with VE-13,045 at 100 mg/kg/d (A), 50 mg/kg/d ( ) and 25 mg/kg/d 
(O) compared to vehicle-treated mice (■). (C) Prophylactic therapy with VE-13,045 ( ) and prednisolone (A) followed by treat- 
ment termination (open symbols). (D) Clinical course of established CIA in VE-13,045 treated ( ) or vehicle-treated (□) mice start- 
ing 10 days after the CD booster injection. Mice (6-10 per group) were injected intradennally with 100 ug of chick CII on day 0, 
followed by a 200 ug booster injection on day 21. Front paws were examined daily after the CII booster injection, the status of arthritic 
disease was scored as described in Methods, a combined score of front paws was deterrruned and expressed as the mean ± SEM for 
each treatment group. 
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VE-13,045 for prophylactic efficacy in comparison to 
)indomethacin and methyl prednisolone. Results in 
Figure 3 A demonstrate superior efficacy of VE-13,045 
in reducing the severity of inflammation and progres- 
sion of arthritic disease. Daily administration of VE- 
13,045 (50 mg/kg) delayed the onset of inflammation by 
6 days with a 60% overall reduction in arthritic disease 
compared to vehicle-treated animals (significance of 
P <0.01 for days 10 to 26), In contrast, daily adminis- 
tration of indomethacin (2 mg/kg) failed to prevent the 
progression of arthritis, whereas methyl prednisolone 
(10 mg/kg) delayed the onset of inflammation by 4 days, 
but reduced overall disease severity by only 20% (sig- 
nificance of P < 0.05 for days 18-26; Fig. 3A). 

Another experiment (Fig. 3B) tested VE-13,045 
doses of 25, 50 and 100 mg/kg/day. Treatment with 100 
mg/kg delayed onset of inflammatory symptoms by 10 
days compared to untreated animals. The progression 
of disease in this group was slower between days 15 and 
20, however, after 22-26 days, the severity of arthritic 
disease was similar to the 50 mg/kg treatment group, 
with a combined severity score of approximately 2.5 for 
both groups. VE-13,045 treatment at 25 mg/kg/day had 
a transient effect on symptoms (between days 7 to 13), 
but no overall sustained or consistent effect on pro- 
gression of arthritic disease. 

In another experiment, animals were treated with 
VE-13,045 (50 mg/kg) or prednisolone (10 mg/kg) for 
16 days aad then treatment was discontinued. The 
degree of inflammation in the affected paws increased 
within 2-3 days and the severity of arthritic disease 
rapidly progressed to the same level as the vehicle 
treated group within 4-5 days (Fig. 3C). These results 
suggest that the efficacy observed may reflect suppres- 
sion by VE-13,045 of an active EL-lp dependent inflam- 
matory process. The efficacy of VE-13,045 was next 
evaluated in animals with established CIA. Daily treat- 
ment (50 mg/kg) was initiated in randomized groups of 
animals with focal swelling of the wrist (level 2) start- 
ing 10 days after the CII booster injection. Mice treated 
with the ICE inhibitor showed a 20% reduction in 
inflammation beginning 2 days after treatment initia- 
tion, with a 40% overall reduction in disease severity 
that was sustained over the 16 day treatment interval 
(significance of P < 0.01; Fig. 3D). Progression of 
arthritic disease (from a combined score of 4-5; a 20% 
increase in severity) was observed in the vehicle-treated 
group. 

Histological evaluation of wrist paw joints from 
untreated and VE-13,045 treated mice 

Wrist paw joints from vehicle- treated and VE- 
13,045 treated mice were evaluated to assess the extent 
of synovitis, inflammatory cell infiltration, fibrosis, and 
cartilage erosion. Figure 4 A-F shows histological 
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changes in wrist joints from representative mice. 
Compared to a normal mouse wrist joint (Fig. 4A), 
invagination of the synovial membrane with infiltration 
of inflammatory cells and marked cartilage erosion is 
evident in the wrist joint of a representative vehicle- 
treated mouse 23 days after the CII booster injection 
(Fig. 4B). In contrast, prophylactic treatment with VE- 
13,045 reduced the extent of synovial membrane dam- 
age and inflammatory cell infiltration and minimized 
cartilage erosion (Fig. 4C). In the thetapeutic regimen, 
histological evaluation shows progression of arthritic 
disease with invagination of the synovial membrane, 
inflammatory cell infiltration, fibrosis and cartilage 
erosion in untreated mice (Fig. 4E) compared to the 
histological extent of joint damage noted in a repre- 
sentative mouse sacrificed 10 days after the CII booster 
(Fig. ( 4D). VE-13,045 treatment prevented further pro- 
gression of inflammatory cell infiltration and joint 
destruction (Fig. 4F) concurrent with the reduction in 
i nfl a mm atory symptoms observed in these animals (see 
Fig. 3D). 

Treatment with an ICE inhibitor reduces serum 
amy loid A levels * 

Sera were obtained from animals in untreated and 
treated groups at three time points during the clinical 
course of CIA for determination of serum amyloid A 
(SAA) levels. Table 2 shows that treatment with 
indomethacin and prednisolone reduced SAA levels 
I compared to the vehicle-treated group within 5 days of 
the CII booster injection. VE-13,045 treatment (50 
mg/kg/day) also reduced SAA levels suggesting that a 
generalized reduction in the acute phase inflammatory 
response is associated with ICE inhibition in CIA. 
Treatment with each of the three agents reduced SAA 
to a level comparable to normal mice (4.5 ± 0.3 ng/ml) 
by Day 26, independent of the clinical status of CIA at 
that time (Table 2). 



TABLE 2. Time course profile of serum amyloid A levels in 
mice with Type II collagen-induced arthritis 



Time after type II collagen booster 



Treatment group 


Day 5 


Day 


12 


Day 26 


Vehicle-treated 


39.2 ± 25 


21.3 ± 


103 


24.2 ± 7.6 


VE-13,045 










50 mg/kg/d 


20.2 ± 3 


11.9 ± 


6 


4.5 ± 1.2 


Prednisolone 










10 mg/kg/d 


9.6 ± 6 


8.0 ± 


5.4 


5.3 ± 1.8 


Indomethacin 










2 mg/kg/d 


14.9 ±6.4 


3.4 ± 


0.3 


3.2 ± 0.2 



Mice (n = 8 per treatment group) were bled at three time points during the 
clinical course of CIA and serum amyloid A levels were determined by ELISA. 
Data are expressed as the mean ± standard deviation in ug/ml. Serum amyloid 
A levels for normal DBA/1 J mice (n = 6) were 4.5 ± 0.3 ug/ml. 
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Figure 4. Histological evaluation of front paw wrist joints from representative DBA/1 J mice with Type II collagen-induced arthritis. 

(A-C) Prophylactic therapy of CIA: comparison of a wrist joint from a normal mouse (A) and a vehicle-treated mouse (B) on day 
23 shows invagination of the synovial membrane with fibrosis and inflammatory cell infiltration into the joint space with cartilage 
erosion compared to a VE-13,045 wrist joint (C) on day 23 with minimal evidence of synovitis or cartilage erosion and no inflam- 
matory cell infilatrate in the joint space. (D-F) Therapy of established CIA: a wrist joint 10 days after the CII booster injection (D) 
with initial evidence of synovitis and cellular infiltration compared to progression of CIA in an untreated wrist joint (E) on day 26, 
with extensive synovitis, fibrosis, cellular infiltration and complete erosion of cartilage over the bone growth plate. VE-13,045 treat- 
ment (F) prevented further progression of CIA evaluated on day 26 compared to the histologic extent of disease on day 10 (D). 
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DISCUSSION 

We have shown that two irreversible prototype 
inhibitors of ICE effectively block secretion of both IL- 
lp and EL-la in vitro and provide the first evidence for 
efficacy of an ICE inhibitor in a chronic inflammatory 
disease model. Murine CIA shares several immuno- 
logical and pathogenetic features of RA in humans 33 
and recent studies have identified a prominent role for 
IL-1, TNF-a and other proinflammatory cytokines and 
chemokines in the evolution of CIA. 39 " 43 Treatment of 
mice with IL-1RA has been shown to delay the onset 
and reduce the incidence and severity of CIA, 14 and pro- 
phylactic treatment with anti-IL-1 p and anti-EL-la anti- 
bodies alone or in combination can completely alleviate 
CIA in mice. 34,35 Similarly, prophylactic treatment with 
anti-TNF-a, 44 soluble TNF-a receptor 45 or a TNF-a 
receptor-Fc fusion protein 46 may also reduce the 
incidence and severity of CIA. 



In addition to a role in the induction of CIA, local- 
ized production of IL-lp and TNF-a by synoviocytes 
and infiltrating inflammatory cells contributes to pro- 
gressive disease and joint destruction. Both cytokines 
induce tissue degrading matrix metalloproteinases and 
may suppress chondrocyte proteoglycan synthesis. 
Administration of IL-1 to mice with antigen 47 or colla- 
gen-induced arthritis 4 * exacerbates the course of dis- 
ease due to enhanced synovitis, inflammatory cell 
infiltration, fibrosis, cartilage and bone erosion. Similar 
results have been observed after intra-articular injec- 
tion of TNF-a 49 and mice expressing a human TNF-a 
transgene develop a chronic destructive polyarthritis 
that can be prevented by treatment with anti-TNF-a 
antibodies. 50 The multiple roles of IL-1 and TNF-a in 
arthritic disease 51 and efficacy observed with IL-1RA, 
anti-IL-1 or TNF-a antibody treatments suggests 
strategies for potential therapeutic intervention in both 
the induction and progressive phases of disease. 



Results of this study implicate activation of ICE 
f~\ and subsequent processing of IL-lp in the induction and 
^ J progression of CIA. Prophylactic treatment with VE- 
13,045 delayed the onset of inflammatory symptoms, 
blocked progression of synovitis and infiltration of 
inflammatory cells and reduced joint destruction in 
comparison to vehicle-treated animals. Therapeutic 
treatment with VE-13,045 also blocked progression of 
inflammation and halted further cellular infiltration and 
cartilage erosion. ICE inhibition in established disease 
appears to be more effective than blocking TNF-oc since 
anti-TNF-oc treatment is less effective in reversing the 
course of established disease. 4445 The efficacy observed 
with VE-13,045 in both prophylactic and therapeutic 
treatment regimens is further evidence of the central 
role of IL-lp in CIA and our results also suggest that 
the CIA model is well suited for pharmacodynamic 
evaluation of ICE inhibitors. 

VE-13,045 is remarkably effective in vivo consid- 
ering its modest in vitro potency (IQo -1.3 jiM for 
VE-16,084), Qna* (10-12 ^tg/ml) and short plasma half 
life (t 1/2 p -20 min). The. efficacy observed with 
VE-13,045 may reflect in part the irreversible nature of 
v this inhibitor due to inactivation of ICE molecules in 
cells at the inflammatory site. Compared to a reversible 
/ v inhibitor, synthesis of new ICE precursor or processing 
l_/of active ICE from existing p45 precursor in 
J macrophages, synoviocytes or other IL-lp producing 
cells in situ is necessary to overcome the irreversible 
inhibitor effect. Inflammatory and arthritic symptoms 
and histological evidence of disease persisted in animals 
in both the prophylactic and therapeutic treatment 
groups. Sustained disease may result from less than 
complete inhibition of ICE activity, which is consistent 
with the single daily administration of VE-13,045 and 
its short half life. Alternatively, residual disease may 
reflect the complexity of the cellular and molecular 
components involved in the pathogenesis of CIA. In 
addition to IL-1 and TNF-a, other cytokines QFN-y, 
IL-6, TGF-p) and chemokines (MlP-la and MIP-2) 
may contribute to joint inflammation. 3 ^* 3 Also, local 
deposition of anti-Type II collagen antibodies, comple- 
ment activation, generation of C5a, and production of 
leukotrienes or other mediators may lead to recruit- 
ment of cells to the inflammatory site, sustaining an 
intermediate level of joint inflammation. However, the 
near complete suppression of CIA with anti-IL-1 anti- 
body treatment 34 ' 35 suggests that more frequent admin- 
istration or higher doses of an ICE inhibitor, or the use 
of more potent compounds with improved pharmaco- 
. \ kinetics may further enhance the efficacy of an ICE 
\_J inhibitor in CIA. 

The inhibition of IL-la secretion by ICE inhibitors 
in vitro is consistent with results from studies with ICE- 
deficient mice. We and others 32 * 52 have observed dimin- 
. ished secretion of IL-la by LPS, stimulated monocytes 
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from ICE"'" mice compared to monocytes from ICE +/+ 
mice. Also, ICE"'- mice challenged with 32 mg/kg LPS 
had diminished serum levels of IL-la (52; G, Ku and 
M. W. Harding, unpublished observations). Inhibition 
of IL-la secretion by ICE inhibitors or in ICE"'" mice 
suggests a role for ICE in IL-la release. Although ICE 
does not directly process the IL-la precursor, 26 ICE 
may interact with or activate calpain 23 - 24 or other pro- 
teins involved in IL-la processing and release. Al- 
ternatively, ICE may be part of a molecular assembly 
or complex involved in the export of IL-la through the 
plasma membrane. 

A recent study identified several variants of ICE 
(ICE-p, ICE-y, ICE-8 and ICE-e) generated by alter- 
native splicing of ICE mRNA. 53 It is possible that ICE, 
or a splicing variant of ICE, may perform a chaperonin- 
like function in IL-la release^ independent of its pro- 
tease activity. If the effect of VE-13,045 and VE-16,084 
observed in this study result from steric hindrance or a 
conformational change in ICE that alters critical pro- 
tein-protein interactions, it will be of interest to evalu- 
ate other chemical classes of ICE inhibitors for an effect 
on IL-la release. A strategy for blocking the biological 
actions of IL-la may result from further investigating 
the role of ICE in IL-la release. 

Improving on the irreversible, peptidyl ICE 
inhibitors for therapeutic applications will require the 
design of non-peptidyl compounds. The availability of 
the high-resolution crystal structure of ICE, as well as 
structure-activity investigations of peptidyl ICE 
inhibitors, should lead ultimately to the design of an 
orally bioavailable compound with improved cellular 
potency and pharmacokinetic properties. The efficacy 
of VE-13,045 in CIA suggests that such a compound 
may be suitable for clinical evaluation in patients with 
RA, osteoarthritis or other clinical indications where 
IL-ip contributes to the progression of inflammatory 
disease. 



MATERIALS AND METHODS 

Materials 

Lipopolysaccharide (LPS, from E. coli serotype 0111:B4, 
trichloroacetic acid extracted), indomethacin, methyl pred- 
nisolone, Freund's complete adjuvant, , and carboxyinethyl 
cellulose were purchased from Sigma (St Louis, MO); chick 
sternum-derived Type II collagen (CII) from Elastin Products 
(Owensville, MO) and olive oil (extra virgin) from a local 
store. Male CD1 mice (20-22 grams) and male DBA/1 J 
mice (age 6 weeks) were purchased from Charles River 
(Wilmington, MA) and Jackson Labs (Bar Harbor, ME), 
respectively. Mice were given food (Purina rodent chow) and 
water ad libitum. ELISAs for murine IL-lp (PerSeptive 
Diagnostics, Cambridge, MA), human IL-la and IL-lp (R & 
D Systems, Minneapolis, MN), murine IL-la (Genzyme, 
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Cambridge, MA), TNF-a, IL-6 and murine serum amyloid A 
(Biosource International, Camarillo, CA) were obtained 
from commercial sources and performed according to the 
manufacturers* suggested protocols. VE-13,045 and VE- 
16,084 were provided by Dr I M. C Golec (Hoechst-Roussel, 
Swindon, UK). Stock solutions were prepared in DMSO and 
stored at -20°C. 



Induction of IL-ip and IL-1 a in vitro 

Buffy coat cells were obtained from blood donors and 
peripheral blood mononuclear cells (PBMC) were isolated by 
centrifugation in LeukoPrep tubes (Becton-Dickinson, 
Lincoln Park, NJ). PBMC were added (3 X 10 6 /well) to 24- 
well Corning tissue culture plates and after 1 h incubation at 
37°Q non-adherent cells were removed by gentle washing. 
Adherent mononuclear cells were stimulated with LPS (1 
Hg/ml) with or without ICE inhibitors (0.2-20 \iM VE-13,045 
or VE-16,084) in 2 ml RPMI-1640-10% FBS. After 16-18 h 
incubation at 37°C, IL-lp and IL-la were quantitated in cul- 
ture supernatants by ELISA. For isolation of murine adher- 
ent mononuclear cells, spleens were excised from DBA/1J 
mice, single cell suspensions were prepared and added to 12- 
weil tissue culture plates (1 x lOVwell), adherent mononu- 
clear cells were isolated and stimulated with LPS (10 |xg/ml), 
with or without ICE inhibitors in 0.5 ml RPMI-1640-10% FBS. 
After 16-18 h, supernatants were harvested, cells were 
washed once, incubated for 30 min with 10 |iM nigericin 36 in 
0.5 ml RPMI-1640-10% FBS containing the ICE inhibitors 
(at the same concentrations as in the overnight cultures), and 
supernatants were harvested again for quantitation of IL-ip 
and IL-la. Viability of monocytes before or after nigericin 
stimulation was >98% as measured by trypan blue staining 
or lactate dehydrogenase activity in culture supernantants, 
indicating that minimal cytolysis had occurred during the 
experiments. 

Acute induction of IL-la and IL-1 /J production 
in vivo 

LPS mixed with 0.5% carboxymethyl cellulose in PBS, 
pH 7.4, was administered by intraperitoneal injection (40 
mg/kg LPS) in a dose volume of 20 ml/kg. VE-13,045 
stock solutions in DMSO were then dissolved in olive 
oil:ethanol:DMSO (final concentration 90:5:5; v/v/v) and 
administered by intraperitoneal injection at 50 mg/kg in a 
dose volume of 5 ml/kg. VE-13,045 or the vehicle [olive 
oil:ethanol:DMSO (90:5:5, v/v/v)] alone was administered to 
mice simultaneous with LPS, or at various time points before 
or after LPS. Mice were euthanized 7 h after LPS challenge \ 
for blood collection. Serum IL-lp was measured with an 
ELISA specific for mature IL-ip. Specificity was determined 
by testing the reactivity of purified recombinant murine pro- 
DL-ip in the ELISA. At concentrations of 20 pg/mi and 10 
ng/ml, respectively, mature and precursor IL-lp were recog- 
nized equally, indicating a cross-reactivity of 0.2% (data not 
shown). Serum IL-la was measured with an ELISA that 
detects both the precursor and mature forms. Statistical sig- 
nificance between groups was determined by Student's 
Mests. 



Type II collagen-induced arthritis 

Type II collagen-induced arthritis was established in male 
DBA/1 J mice as described by Wooley. 37 Briefly, chick sternum 
T/pe II collagen (4 mg/ml in 10 mM acetic acid) was emulsi- 
fied with an equal volume of Freund's complete adjuvant 
(FCA) by repeated passages (400) between two 10-nU glass 
syringes connected with a gauge 16 double-hub needle. Mice 
were immunized by intradermal injection (50 \d\ 100 \ig CII 
per mouse) of the collagen emulsion at the base of the tail on 
day 0 and again with 50 pi or 100 jil (200 pg CII) of a freshly 
prepared collagen emulsion 21 days later at the contra-lateral 
side of the tail base. VE-13,045 was prepared as described 
above (90:5:5 olive oil:ethanol:DMSO) and administered 
daily (25, 50 or 100 mg/kg) by intraperitoneal injection. Both 
indomethacin (2 mg/kg) and methylprednisolone (10 mg/kg) 
were prepared in PBS and administered daily by oral gavage. 
For the prophylactic regimen, drug treatments were initiated 
within 2 h of the CII booster immunization. For the thera- 
peutic regimen, mice with a similar degree of inflammation 
were selected (10 days following the CII booster) and ran- 
domized for treatment with VE-13,045 or the vehicle alone. 

Scoring of arthritic symptoms 

Front paws (ventral surface) were examined daily after 
the CII booster injection and scored (Arthritis Index) for 
severity of inflammation and arthritic disease as follows: Level 
1 - erythema; Level 2 - focal carpal (wrist) joint swelling; Level 
3 - swelling of the entire wrist; Level 4 - spread of swelling to 
the metacarpal/metatarsal (palm) region; Level 5 - swelling 
affecting the metacarpophalangeal or the metatarsopha- 
langeal joints. The score of both front paws was combined and 
the mean ± SEM determined for each treatment group. Rear 
paws were not scored in this study. The statistical significance 
between groups was determined by Mann- Whitney nonpara- 
metric analysis. 

Histological examination of inflamed paws 

Untreated animals with arthritic disease at each severity 
level were sacrificed and paws were removed for histological 
evaluation. Animals in prophylactic regimens were sacrificed 
at the end of the treatment period. For the therapeutic regi- 
men, animals exhibiting comparable levels of inflammation 
were sacrificed on day 10 and front paws were processed for 
histological evaluation as a reference. The remainder of the 
animals were sacrificed at the end of the treatment period. 
Paws were fixed with 10% formalin in PBS for 48 h at 25°C, 
then de-calcified in 10% formic acid in water for 24 h at 25°C. 
The tissues were embedded in paraffin, sagital sections were 
prepared, and stained with Giemsa. 
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Inhibition of Mature IMj3 Production in Murine 
Macrophages and a Murine Model of Inflammation by 
WIN 67694, an Inhibitor of IL-1/3 Converting Enzyme 1 

Bruce E. MiNer, 2 * Philip A. Krasney,* Donna M. Gauvin,* Kim B. Holbrook,* 
David J, Koonz,* Ronald V. Abruzzese,* Robert E. Miller/ Karen A. Pagani,* 
Roland E. Dolle, § Mark A, Ator/ and Steven C Gilman* 

Departments of *lnflammation Pharmacology, § Medicinal Chemistry, *lmmunobiology, and biochemistry, Sterling 
Winthrop Pharmaceuticals Research Division, Collegeville, PA 19426 

The proinflammatory cytokine IL-1/3 is synthesized by activated monocytes and macrophages as a 31-kDa, bio- 
logically inactive precursor that is proteolytically processed to the biologically active 1 7-kDa mature molecule by 
the IL-1/3 converting enzyme (ICE). WIN 67694, Z-Val-Ala-Asp-CH 2 0(CO)[2,6-(CI 2 )]Ph, is a potent, selective 
inhibitor of human ICE. In activated murine peritoneal macrophages, WIN 67694 inhibited the release of mature 
IL-1 /3 with an IC 50 of 1 .8 /xM without any effect on the release of IL-1 a, IL-6, or TNF-a. The effect was specific to 
mature IL-1 /3 release; the ICE inhibitor did not effect IL-1 j3 RNA levels or precursor protein synthesis. In vivo, WIN 
67694 was also able to inhibit selectively the release of IL-1/3 in a dose-dependent manner in a subcutaneous 
tissue chamber implant model or inflammation. IL-1/3 levels in tissue chamber fluid were inhibited 35 and 55% 
at 1 0 and 1 00 mg/kg, respectively. IL-1 a, IL-6, and TNF-a levels were not affected. The ability to selectively inhibit 
mature IL-1/3 release in vivo with ICE inhibitors will allow for detailed studies of the role of IL-1/3 and ICE in 
inflammatory diseases. The Journal of Immunology, 1995, 154: 1331-1338. 



The proinflammatory cytokine IL-1/3 is thought to 
play a key role in several chronic inflammatory 
diseases, including rheumatoid arthritis and in- 
flammatory bowel disease (1, 2). IL-1/3 is synthesized in 
activated monocytes and macrophages as a 31-kDa bio- 
logically inactive precursor molecule that is proteolyt- 
ically processed to produce a biologically active 1 7-kDa 
carboxy terminal polypeptide (3, 4). This cleavage is me- 
diated by the IL-1/3 converting enzyme, or ICE 3 , a novel 
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cysteine protease (5, 6). The importance of ICE in the 
production of biologically active IL-1/3 is demonstrated by 
the ability of ICE inhibitors to inhibit the production of ma- 
ture IL-1/3 from activated monocytes and macrophages (6, 7). 

Both human and murine forms of ICE have recently 
been cloned and sequenced (6, 8-10). The two enzymes 
are highly conserved and exhibit absolute identity at the 
active site thiol and adjacent residues. The conservation 
between human and murine ICE suggests that murine 
models should be appropriate for studying the biologic and 
pharmacologic consequences of ICE inhibition. Indeed, 
we show hyhis study, as has been shown in other studies 
(11), that human ICE inhibitors retain a high degree of 
potency in the murine system. 

To explore further the biologic and pharmacologic ef- 
fects of ICE inhibitors, we have characterized the effect of 
a potent, selective, and irreversible inhibitor of ICE on the 
production of mature IL-1/3 from murine peritoneal mac- 
rophages in vitro and in inflammatory exudates in vivo. 
We demonstrate that selective inhibition of mature IL-1/3 
generation is achievable in vivo, thereby creating new av- 
enues into studies of the roles of ICE and mature IL-1/3 in 
animal models. 



Copyright © 1995 by The American Association of Immunologists 
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FIGURE 1. Structure of WIN 67694. 

Materials and Methods 

Materials 

RPMI 1640 was obtained from Mediatech, Inc. (Herndon, VA). Heat- 
inactivated and dialyzed fetal bovine serum (FBS) were obtained from 
HyClone Laboratories (Logan, UT). Tran 35 S-Iabel ([ 33 S]methionine/ 
pSJ-cysteine) and [ 32 P]UTP were obtained from ICN Radiochemicals 
(Irvine, CA). ELISA kits for murine IL-la and TNF-a were purchased 
from Genzyme Corporation (Boston, MA). WIN 67694, Z-Val-Ala-Asp- 
CH 2 0(CO)[2,6-(Cl 2 )]Ph (Fig. 1), was synthesized as recently described 
(12). This compound has a second-order rate constant of 432,000 M" 1 
s" 1 against human ICE and inhibits IL-1/3 secretion from human mono- 
cytes with an IC 50 of 0.5 /tM (7, 12). * 

Peritoneal macrophage isolation and activation 
by LPS 

Female, BALB/c mice 8 to 10 wk old (Taconic, Germantown, NY), were 
injected with 1 ml of 3% Brewer's thioglycolate, and peritoneal exudate 
cells were isolated 4 to 5 days later by peritoneal lavage with calcium/ 
magnesium-free PBS containing 0.1% glucose. Cells were washed and 
resuspended in RPMI 1640/25 mM HEPES/5% heat-inactivated FBS at 
1.25 X 10* cells/ml. Macrophages were purified by plating 2.5 X 10 6 
cells/well in 6-well plates (Corning, Corning, NY). Cells were allowed to 
adhere for 2 h, then nonadherent cells were removed by washing. Ad- 
herent cells were stimulated with 1 fig/ml LPS (Salmonella minnesota 
Re595, Calbiochem, La Jolla, CA) for 2 h. To stimulate the release of mature 
IL-1/3, cells were washed and subsequently incubated for 30 min with 40 
jiM nigericin (Sigma Chemical Co., St Louis, MO) (13). After incubation 
with nigericin, culture media was collected and centrifiiged at 4000 x g for 
10 min. The supernatants were then analyzed for cytokine levels by ELISA. 

Pulse-labeling assay for /L-7/3 synthesis and secretion 

Adherent macrophages were isolated as described above and stimulated 
with 1 /xg/ml LPS for -90 min. The cells were then washed and incubated 
for 15 min with cysteine/methionine-free RPMI 1640 containing 1% di- 
alyzed FBS and 1 fig/ml LPS, and then 100 ftCi/ml of Tran 35 S-label was 
added. The cells were then incubated for an additional 60 min. For de- 
termination of IL-1/3 synthesis, the media was removed immediately af- 
ter the labeling step, and cells were lysed by addition of RIPA buffer 
containing protease inhibitors (14). For measurement of secretion of ma- 
ture IL-1/3, the labeled cells were incubated with 40 jxM nigericin for 30 
min before the collection of media. Lysates and media samples were 
cleared by centrifugation at 12,000 X g for 10 min. An aliquot of the 
lysate was immunoprecipitated with goat anti-murine IL-10 IgG (R&D 
Systems, Minneapolis, MN). Put briefly, samples were preabsorbed by 
rotating for 30 min at 4°C with 50 of a 50% slurry of protein G- 
Sepharose, centrifuged at 12.000 X g, and the supernatants transferred to 
new tubes. After the addition of goat anti-murine IL-1/3 IgG (15 ftg/ral) 
(R&D Systems), samples were rotated overnight at 4°C, Fifty microliters 
of protein G-Sepharose was then added, and samples were rotated for 1 h 
at 4°C. The immunoprecipitates were washed three times with RIPA 
buffer and resuspended in SDS-PAGE sample buffer containing 6% mer- 
captoethanol (15). After heating at 95°C for 3 min, samples were frac- 
tionated by electrophoresis on 15% SDS polyacrylamide gels. Gels were 
treated with Amplify (Amersham, Arlington Heights, IL), dried, and 
placed on film (Kodak XAR-5) overnight. Bands corresponding to IL-10 
were quantitated by laser densitometry. 

mRNA isolation and Northern analysis 

Thioglycolate-elicited peritoneal macrophages (1 X 10 7 ) were incubated 
in RPMI 1640/5%, FBS/25 mM HEPES with I jutg/ml LPS for 3.5 h. 



Total cellular RNA was prepared as described (16), Five microgram! ) 
each RNA sample was size-fractionated on a 1.0% agarose/2.2 M form- 
aldehyde gel and transferred to a nylon membrane (Hy-bond N, Amer- 
sham) according to standard protocols (17). Blots were probed with mu- 
rine IL-1/3 and rat cyclophilin cRNAs as described previously (18). Put 
briefly, blots were pre hybridized for 2 h at 57°C in a 50% formamide, 50 
fig/ml heparin buffer, hybridized for 16 h at 57°C in the same buffer, and 
washed twice at 65*C in 0.2X SSO'0.2% SDS. Autoradiography was 
conducted at -70°C using Kodak XAR film and Fisher Lightening Plus 
intensifying screens. Bands were quantitated by laser densitometry. The 
32 P-labeled murine IL-1/3 cRNA probe was synthesized by in vitro tran- 
scription of a full-length murine IL-1/3 cDNA in pSG-BSmIL-10 (+) 
(kind gift of Dr. David Chaplin: 19). The 32 P-iabeled cyclophilin cRNA 
probe was synthesized by in vitro transcription of a cDNA representing 
nucleotides 42 to 520 of the rat cyclophilin mRNA (20). The cyclophilin 
cDNA was generated by reverse transcriptase-PCR using rat whole knee 
joint RNA as a template and was ligated into pCRII (Invitrogen, San 
Diego, CA) for in vitro transcription. 

Synthesis of 35 S-labeled precursor IL- 7/3 

35 S-labeled murine proIL-1/3 was generated by in vitro transcription and 
translation of pSG5 mIL-1/3 using a TnT kit (Promega, Madison, \VI). 
pSG5 mIL-1/3 contains a full-length murine proIL-10 cDNA (19) and 
was constructed by inserting the 1.4-kb IL-1/3 £coRI cDNA fragment of 
pSG-BSmIL-10 (+) into pSG5 (Stratagene, La Jolla, CA). 

ICE activity in cell lysates 

Macrophage lysates were prepared by four freeze-thaw cycles. The ly- 
sates were centrifuged at 16.000 X g for 20 min, and ICE activity was 
measured in the supernatants. An 18-/jl1 aliquot of the cell lysate { ~\ 
added to tubes containing 1 p\ of [ 33 S]methionine-Iabeled murine 
cursor IL-1/3 and 11 /il of assay buffer (30% glycerol, 30 mM Tris, pH 
8.0). Tubes were incubated for 60 min at 30°C. The reactions were 
stopped by the addition of 15 jil of 4X SDS sample buffer containing 
25% 2-ME. Aliquots were fractionated on 15% SDS polyacrylamide gels 
as described above. 



Murine IL-lp ELISA 

ELISA plates (Costar high binding plates) were coated with a hamster 
mAb to murine IL-10 (Genzyme) (5 Mg/ml) in PBS overnight at 4°C, 
washed, and blocked with 3% BSA in Tris-buffered saline (TBS) for 1 h. 
Aliquots (100 /xl) of diluted samples were added and incubated for 2 h at 
room temperature. The plates were washed five times and incubated for 
1 h at room temperature with 10 ng/ml of goat anti-murine IL-10 IgG 
(R&D Systems). After five washes, the plates were incubated for 1 h at 
room temperature with a 1:2000 dilution of an alkaline phosphatase- 
conjugated mouse anti-goat IgG. After four washes, the plates were in- 
cubated with substrate solution (1 rag/ml p-nitrophenylphosphate in al- 
kaline buffer, Sigma Chemical Co.). Color development was quantitated 
by reading the 0D 4QS on a plate spectrophotometer (Molecular Devices 
Corporation, Menlo Park, CA). 



Specificity of murine /Z.-7/3 ELISA 

To determine which forms of IL-1/3 were detected by the ELISA assay, 
a sample containing ^S-labeled precursor and mature IL-10 derived by 
combining samples of secreted material (mature IL-10) and cell lysates 
(precursor IL-10) was incubated in wells coated with the hamster mAb 
to murine IL-10. After a 1 h incubation, unbound material was removed 
by washing, and the bound material was solubilized by adding 100 /il of 
SDS-sample buffer and incubating for 30 min at room temperature./ 
bound material was fractionated by SDS-PAGE followed by fluorA £' 
phy as described above. Under the conditions of the ELISA assay, only 
mature IL-10 was bound to the plates, and no binding of precursor IL-10 
was observed (data not shown). The ELISA was able to detect mature 
IL-10 over the range 10 to 10,000 pg/ml and did not detect murine IL-la, 
IL-2, IL-4, IL-6, IL-10, TNF-a, or IFN-y at concentrations up to 
100 ng/ml. 
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FIGURE 2. Pulse-chase analysis of IL-1 0 
secretion from murine peritoneal macro- 
phages. Adherent macrophages were stim- 
ulated with 1 ptg/ml LPS and labeled with 
Tran 35 S-label for 60 min followed by in- 
cubation with 40 /uM nigericin for 30 min. 
iL-10 was immunoprecipitated from the 
media and analyzed by SDS-PACE. WIN 
67694 was added to the cells after the ad- 
herence step and was present for the re- 
mainder of the experiment 
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FIGURE 3, ; fffect of WIN 67694 on cytokine release by 
LPS-stimulated peritoneal macrophages. Adherent macro- 
phages were stimulated with 1 jig/ml LPS for 2.5 h followed 
by 40 fiM nigericin for 30 min. Cytokine levels were mea- 
sured by ELISA in the culture media. ■, IL-1/3; 0, IL-1 a; 
IL-6; A, TNF-a. Results are means ± SEM. *p < 0.05 com- 
pared with control value. 



Murine IL-6 ELISA 

Procedures were identical to that described above for the IL-10 ELISA 
except for the following: 1) plates were coated with a rat mAb to murine 
IL-6 (Upstate Biotechnology, Inc., Lake Placid, NY) (1 ptg/ml in PBS) 
and 2) after the sample incubation step, plates were incubated with 2 
jAg/ml of goat anti-murine IL-6. 

Cytokine production in vivo 

To study IL-10 production in vivo, we employed a model recently de- 
scribed by Dawson et al. (21). Cylindrical Teflon chambers, 20 mm X 10 
mm, (kindly provided by Dr. Klaus Vosbeck, Ciba-Geigy, Basle) were 
implanted subcutaneously into the backs of female BALB/c mice under 
isoflurane anesthesia. After chamber implantation, the mice were allowed 
to recover for 14 days. An inflammatory response was initiated in the 
chamber by the injection of a suspension of 1% zymosan A (Sigma 
Chemical Co.) in pyrogen-free saline (Baxter, Deerfield, IL) through one 
of the chamber's access holes. Six h after zymosan administration, an 
aliquot of the chamber fluid was collected by inserting a 20-gauge needle 
into the chamber and aspirating the fluid. The fluid was centrifuged at 
1000 X g for 10 min to remove free cells, and the supernatant was stored 
at -20°C for ELISA analysis. For experiments in which the inhibition of 
IL-10 production by WIN 67694 was examined, the compound was pre- 
pared in polyethylene glycol-400/water (80%/20%, v/v) at 10 or 20 



mg/ml and administered by intraperitoneal injection at 1, 3, and 5 h after 
zymosan injection. > 

WIN 67694 quantitation in plasma and tissue 
chamber fluid 

WIN 67694 was quantified in the plasma and tissue chamber fluid sam- 
ples by an in vitro fluorogenic ICE bioassay. The samples were initially 
diluted in assay buffer (0.01 M HEPES (pH 7.5), 25% glycerol) to so- 
lutions containing 6% plasma or tissue chamber fluid. Subsequent dilu- 
tions were prepared using 6% normal plasma or tissue chamber fluid in 
assay buffer. A standard curve of WIN 67694 was prepared in assay 
buffer containing either 6% normal plasma or tissue chamber fluid. The 
samples and standards were preincubated with human recombinant ICE 
for 15 min at 37°C, and the enzyme reactions were initiated with sub- 
strate, Suc-Tyr-Val-Ala-Asp-7-amido-4-methyIcoumarin (Bachem). The 
final reaction mixtures, which contained 0.01 M HEPES (pH 7.5), 25% 
glycerol, 1 mM DTT, 2% plasma or tissue chamber fluid, and 15 jiM 
(1 X *J substrate, were incubated for 30 min at 37°C. The reactions 
were terminated using 0.1N HCl and were neutralized with an equal 
volume of 1 M Tris (pH 105). Fluorescence was read at an excitation 
wavelength of 355 nm and an emission wavelength of 460 nm using a 
Fluoroskan II plate reading fluorimeter (Labsystems, Marlboro, MA). 
The data were fit using the four-parameter IC^ equation, and the results 
from the standard curve were used to calculate concentrations for un- 
knowns that fell between 20 and 80% of control. Known concentrations 
of WIN 67694 also were run in the bioassay, and the concentrations 
calculated from the standard curve fell within 20% of the expected 
values. 

Results 

/l-7j3 secretion from peritoneal macrophages 

Immunoprecipitation of culture media from LPS-stimu- 
lated macrophages labeled with Tran 35 S-label indicated 
that cells stimulated with only LPS released no detectable 
IL-1/3 (Fig. 2, lanes 1 and 2). This result is similar to that 
recently reported by other investigators (13, 22, 23). In 
contrast, treatment of LPS-stimulated macrophages with 
nigericin resulted in secretion of a large amount of pre- 
dominantly mature IL-1/3 (Fig. 2, lanes 3 and 4). Mature 
IL-1/3 accounted for greater than 95% of the total IL-1/3 
detected extracellularly. The induction of mature IL-1/3 
release in response to nigericin is similar to that reported 
by Perregaux et al. (13). The effect of this K + /H + iono- 
phore (24) cannot be explained simply by cell lysis be- 
cause it has been shown that nonspecific lytic agents cause 
release of large amounts of only precursor IL-1/3 (13, 23), 
and high extracellular levels of K + present during nigeri- 
cin treatment carl block both the nigericin-induced release 
of mature IL-1/3 and the nigericin-induced increase in ICE 
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FIGURE 4. Synthesis of precursor IL-1/3 by 
murine peritoneal macrophages. Adherent peri- 
toneal macrophages were stimulated with 1 
ptg/ml LPS for 90 min and labeled with Tran- 35 S- 
label for 60 min. Cells were lysed by addition of 
RIPA buffer containing protease inhibitors. Pre- 
cursor IL-1/3 was isolated from cell lysates by 
immunoprecipitation and analyzed by SDS- 
PACE and laser densitometry. 
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FIGURE 5. ICE activity in murine perito- 
neal macrophage cell lysates. Cell lysates 
were prepared and ICE activity was mea- 
sured as described in Materials and Methods. 
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activity in cell lysates (B. E. Miller, D. M. Gauvin, K. B. 
Holbrook, manuscript in preparation). A small amount of 
full-length precursor IL-1J3 was also detected in the extra- 
cellular media of nigericin-treated cells as was a minor 
amount of a 28-kDa processed IL-1/3 product that is pro- 
duced as a result of cleavage by ICE at the Asp^-Gly 28 
bond, a secondary cleavage site (3, 5, 25). Release of ma- 
ture IL-1/3 was inhibited in a dose-dependent manner by 
the ICE inhibitor WIN 67694 with an IC 50 of 1.8 /xM (Fig. 
2). The inhibition of mature IL-1/3 release was associated 
with increased release of precursor IL-1/3. This result is 
similar to the that in the studies with human monocytes re- 
ported by Thornberry et al. (6) and Uhl et al. (7). ELISA 
measurements confirmed the inhibition of mature IL-1/3 re- 
lease seen with the pulse-chase assay and showed that WIN 
67694 treatment did not affect the release of EL-la, IL-6, and 
TNF-a, demonstrating the specificity of WIN 67694 action 
on the production of mature IL-lj3 (fig. 3). 

/L-7/3 mRNA expression and precursor synthesis 

To determine if WIN 67694 affected the induction of 
IL-1/3 mRNA expression during LPS activation, macro- 
phages were incubated with LPS in the presence or ab- 
sence of 30 fiM WIN 67694, Treatment with WIN 67694 
during the activation period had no effect on the level of 
IL-1/3 mRNA as measured by Northern analysis (data not 
shown). To determine if WIN 67694 affected precursor 
IL-1/3 synthesis, LPS-stimulated macrophages were pulse- 



labeled with Tran 35 S-label, and synthesis of IL-1/3 was 
measured by quantitating the amount of immunoprecipi- 
tated precursor IL-1/3 in the cell lysates. WIN 67694 at 
concentrations up to 10 /xM had no effect on IL-1/3 syn- 
thesis (Fig. 4). At 30 jllM, a 24% reduction in precursor 
IL-1/3 synthesis was observed. 

/M/3 converting enzyme activity 

ICE activity in cell lysates was determined by assessing 
the conversion of exogenous, radiolabeled precursor IL-1/3 
to mature IL-1/3. Unstimulated macrophages contained a 
low level of enzyme activity (Fig. 5). However, stimula- 
tion of cells with LPS alone for 2.5 h resulted in increased 
enzyme activity. Treatment with nigericin after LPS stim- 
ulation (the same regimen used to induce the release of 
mature IL-1/3) resulted in a large increase in ICE activity 
compared with that in unstimulated cells or cells treated 
with LPS alone. The ICE activity in macrophage lysates 
was inhibited by WIN 67694. 



//.-J/3 secretion in vivo 

As reported recently by Dawson et al. (21), the subcuta 
neous implantation of small, plastic chambers into mic 
provides a readily accessible compartment for assessing 
cytokine secretion in vivo. Injection of zymosan into the 
chambers was reported to cause the production of large 
amounts of IL-1/3 and IL-6 (21). In our study, we saw 
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FIGURE 6. Cytokine levels in tissue 
chamber fluid. Subcutaneously implanted 
tissue chambers were injected with 500 jul 
of a 1% suspension of zymosan A in saline 
and tissue chamber fluid collected 6 h 
later. Cytokine levels were measured by 
specific ELISAs. Values are means ± SEM. 
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similar results along with high levels of both IL-la and 
TNF-a (Fig. 6). Thus, this model may be useful for 
looking at the effects of anti-inflammatory agents on the 
production of a number of cytokines in vivo. To deter- 
mine if IL-1J3 release could be inhibited in vivo, tissue 
chambers were injected with zymosan, followed by i,p. 
administration of WIN 67694 at 1, 3, and 5 h after zy- 
mosan administration. Preliminary experiments had de- 
termined that, because of rapid clearance of this com- 
pound in the mouse, this dosing regimen was necessary 
to maintain efficacious concentrations in plasma and tis- 
sue chamber fluid (B. E. Miller, D. M. Gauvin, K. G. 
Holbrook, unpublished observations). The half-life of 
WIN 67694 in plasma and tissue chamber fluid was 40 



min and 150 min, respectively. WIN 67694 treatment 
resulted in a dose-dependent reduction in IL-1/3 levels 
in tissue chamber fluid (Fig. 7). IL-10 levels were re- 
duced 35 and 55% below control levels at 10 mg/kg and 
100 mg/kg, respectively. Levels of IL-la, IL-6, and 
TNF-a were not significantly affected by treatment with 
WIN 67694, thus demonstrating that an ICE inhibitor is 
able to selectively block the release of IL-1/3 in vivo. 
The concentration of WIN 67694 in plasma and tissue 
chamber fluid is shown in (Table 1). The percent reduc- 
tion in IL-4/3 levels observed after in vivo treatment 
with WIN 67694 (35 and 55% inhibition at tissue cham- 
ber levels of 0.6 and 8.2 ju,M, respectively) is consistent 
with what would be predicted based on the in vitro dose 
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FIGURE 7. Effect of WlSl 67694 on 
cytokine levels in tissue chamber 
fluid. Subcutaneously implanted tis- 
sue chambers were injected with 500 
/xl of a 1 % suspension of zymosan A 
in saline. WIN 67694 was prepared 
as a solution in PEG-400/water and 
administered by i.p. injection 1, 3, 
and 5 h after zymosan. Tissue cham- 
ber fluid was collected 6 h after zy- 
mosan. Cytokine levels were mea- 
sured by specific ELISA. IL-10; •, 
IL-1 a; ♦ , IL-6; A, TNF-cr. Values are 
mean ± SEM. *p < 0.05 compared 
with control. The dashed lines indi- 
cate 100 and 50% of the control val- 
ues. The experiment was repeated 
two times with similar results. 
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table I. WIN 67694 concentrations in plasma and tissue 
chamber fluid after i.p. administration 



Dose (mg/kg) 


Concentration (ng/ml) J 


Plasma 


Tissue chamber fluid 


10 


1,118 ± 164 


348 ± 72 




(1.8) 


(0.6) 


100 


90,799 ± 4,952 


5,117 ± 1,058 




(146) 


(8.2) 



1 Values are means ± SEM. Concentration in pM is shown in parentheses. 



response for inhibition of IL-1/3 secretion from perito- 
neal macrophages in which inhibition at 1 pM was ap- 
proximately 35% and inhibition at 10 uJM was approx- 
imately 75%. 



Discussion 

Several studies have demonstrated that peptide-based in- 
hibitors of human ICE can selectively block release of 
IL-1/3 from human peripheral blood monocytes without 
effect on the release of other cytokines. In this study, we 
have shown that an ICE inhibitor is able to selectively 



block the release of IL-1/3 from activated murine macro- 
phages. More importantly, we have shown that mature 
IL-1/3 production in vivo can be inhibited by parenteral 
administration of an ICE inhibitor. To our knowledge, this 
is the first demonstration that an ICE inhibitor can selec- 
tively inhibit mature IL-1/3 production in vivo. 

Although the precise role of IL-1/3 in disease pathogen- 
esis is still unclear, several lines of evidence implicate 
IL-1/3 as a contributory or causative factor in the patho- 
genesis of rheumatoid arthritis and several other inflam- 
matory diseases. IL-1/3 levels have been shown to cone- 
late with disease activity in synovial fluid from rheumatoid 
arthritis patients (26-28). Several recent studies (29, 30) 
with animal models of arthritis have shown that Abs to 
IL-1 reduce both clinical indicators of disease and the his- 
tologic evidence of joint damage. Although a more pro- 
nounced effect was seen with Abs to both IL-la and IL- 
1/3, Abs to IL-la alone were ineffective whereas Abs to 
IL-1/3 resulted in a significant reduction in disease param-_ 
eters. In addition, inhibition of IL-1 activity with the IL-T \ 
receptor antagonist has been shown to block several evenft-^ 
important in arthritic disease, including IL-l-induced met- 
alloproteinase induction in chondrocytes and synovial 
lining cells and cartilage matrix degradation in explant 
cultures (31-33). 
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No studies on the function of ICE in vivo or its role 
in inflammatory diseases have yet been reported. Pre- 
cursor IL-1/3 can be released as a consequence of cell 
lysis or damage and can be processed to biologically 
active peptides in vitro by extracellular enzymes (e.g., 
elastase, cathepsin G, and stromelysin) commonly 
found at sites of an inflammatory response (34). The 
extent to which this actually occurs in vivo is unknown. 
However, the importance of ICE in generating an in- 
flammatory response is strongly suggested by the recent 
results of Ray et al. (35). These investigators showed 
that the cowpox virus encodes for a 38-kDa ICE inhib- 
itor. Lesions produced in response to infection by wild- 
type virus contained few inflammatory cells, whereas 
lesions produced by a mutant virus that lacked the 38- 
kDa ICE inhibitor were characterized by a large influx 
of inflammatory cells. These observations provide evi- 
dence supportive of a role for ICE in the generation of 
an inflammatory response in vivo. The potential advan- 
tages and disadvantages of ICE as a therapeutic target 
have been discussed in a recent review (36). 

In summary, we have demonstrated that an ICE inhib- 
itor is able to selectively inhibit the production of mature 
IL-1/3 both in vitro and in vivo. The development of potent 
and selective inhibitors of ICE that, as reported in this 
study, are active in vivo will permit detailed studies of the 
role of this enzyme and IL-lj3 in inflammatory disease. 
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^ussetka variety of electrically de- 
L pendent processes that can contribute to 
f in ViV0 electrically induced tumor je- 
v gression, including ionization of tumor 
z tissue, ionic transport, tissue dehydra- 
^ tion, and the accumulation of leukocytes 
around the tumor. However, the results 
shown for the in vitro condition (Fig 1) 
•indicate that the suppression of EL4 cell 
1- proliferation is due primarily to electri- 
^cal stimulation with low-level direct 
current. Also, although the small electri- 
?cal field intensities produced by the 
fapplied voltage levels (<50 V/cm) can 
^affect transmembrane potentials and 
catalytic activity of membrane-associ- 
Jated enzymes (13\ significant increases 
^in cell permeability through electro- 
poration do not account for the suppres- 
sion of cell proliferation. Normally, 
1 electrical field intensity levels approach- 
ting 1000 V/cm are required to induce 
1 electroporation or to significantly in- 
crease cell permeability (14). 

The chemical reaction products (den- 
dritic growths) observed with some of 
the platinum electrodes were very sparse 
and isolated. These growths normally 
appeared at the bottom of the electrode. 
Any significant dendritic growth activity 
appears to require current levels in ex- 
cess of the applied low-level currents. 
Therefore, any chemical activity associ- 
ated with the platinum electrodes would 
r A appear to have had minimal impact on 
^ ;J the results. If elect rode degradation were 
\ \ significant, one would expect the impact 
^ to have suppressive effects. However, the 
results demonstrate both suppression 
and stimulation of cell proliferation. 

The data shown" in Fig 1 further 
indicate that in vitro cell proliferation 
may be controlled by low-level direct- 
current stimulation for certain malig- 
nant eukaryotic cells. Additional experi- 
ments have shown that cell proliferation 
characteristics can be modulated by 
changes in cell concentration (data not 
shown). It may be postulated that there 
exist multiple windows of enhancement 
and suppression of cell proliferation that 
are characteristic for different eukaryo- 
tic cell types; 
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Effect of Interleukin-l-beta on 
Metastasis Formation in 
Different Tumor Systems 

M. R. Bani, A. Garofalo, 
E. Scanziani, R. Giavazzi* 



Experiments were done to determine the 
effect of interleukin-l-beta (IL-1|J) on 
metastasis formation in different tumor 
systems. Intravenous administration of 
1 \ig of human recombinant IL-1|} given 
1 hour before tumor cell injection aug- 
mented lung colony formation (experi- 
mental metastases) by the human A375 
melanoma variants, the human 
HT-29M colon carcinoma, the SN12- 
Kl renal carcinoma in nude mice, the 
murine B16 melanoma variants, and the 
murine UV-2237M fibrosarcoma in 
syngeneic recipients. The same treat- 
ment did not induce lung colony forma- 



tion by a human rectal carcinoma 
(HCC-P2988) or by a murine reticulum 
cell sarcoma (M5076), both of which are 
not metastatic to the lung. Spontaneous 
metastases were studied in C57BL/6 
mice bearing the B16-BL6 melanoma 
(metastatic to the lung) in their footpad 
and the M5076 reticulum cell sarcoma 
(metastatic to the liver) subcutaneously. 
Daily intraperitoneal treatment with 1 
|ig of IL-lp increased lung and liver 
metastases. These findings indicate that 
treatment of mice with IL-lp can in- 
crease the number of artificial or spon- 
taneous metastases and that this effect 
is not limited to a single tumor type or to 
a specific organ. [J Natl Cancer Inst 
83:119-123, 1991] 



During metastasis, extravasation of 
tumor cells is a complex event that 
involves the arrest, invasion, and move- 
ment of tumor cells at the venous or 
capillary bed of the target organ (1 ). It is 
generally proposed that tumor cells pref- 
erentially attach to the extracellular 
matrix components of the underlying 
vascular endothelial cells, and specific 
recognition mechanisms have been de- 
scribed (2, J). However, the arrest on 
microvascular endothelial cells repre- 
sents the first barrier to the transit of 
malignant tumor cells. Different adhe- 
sion mechanisms have been described 
for the attachment of tumor cells to 
endothelial cells, and their selective ad- 
hesion to organ-derived endothelial cells 
has been reported (4-6). 

Recent studies have shown that in- 
flammatory immunomediators, suclras 
interleukin-1 (IL-1), tumor necrosis fac- 
tor-a (TNF-a), and interferon gamma, 
can activate specific adhesive mecha- 



HE COPY 



Received July 27, 1990; revised October 11, 1990; 
accepted October 24, 1990. 

Supported by a grant from the Italian Association 
for Cancer Research, Milan, Italy. 

M. R. Bani, A. Garofalo, R. Giavazzi, Mario Negri 
Institute for Pharmacological Research, Bergamo, 
Italy. 

E. Scanziani, Istituto di Anatomia Patologica Veter- 
inaria e Patologia Aviare, Universita degli Studi, 
Milano, Italy. 

We thank Drs I. J. Fidler and S. Naito for providing 
us with some of the tumor cell lines, Drs E. Dejana 
and A. Mantovani for helpful discussions, Mrs J. D. 
Baggott for style editing, and Mrs C. Signorelli for 
typing the manuscript. 

* Correspondence to: Raffaella Giavazzi, PhD, 
Mario Negri Institute for Pharmacological Research, 
Via Gavazzeni 11, 24100 Bergamo, Italy. 

REPORTS 119 



nisms on endothelial cells, mediating 
their interaction with circulating cells 
(7-70). Similarly, our group" (11) and 
others (12-14) have shown that human 
umbilical endothelial cells activated by 
IL-1 and TNF-a showed increased ad- 
hesiveness for different human tumor 
cells. We (15) also found that the injec- 
tion of IL-1 and TNF-a increased the 
number of lung tumor colonies formed 
by a human melanoma in nude mice. In 
the light of those results, which involved 
an experimental metastasis system, we 
have evaluated whether interleukin-1- 
beta (IL-1 p) (a) interferes with the meta- 
static ability of different tumor systems, 
(b) changes the metastatic potential of 
tumor cells, (c) augments metastases in 
organs other than the lung, and (d) plays 
a role in the formation of spontaneous 
metastases in animals bearing a primary 
tumor. 

Materials and Methods 
Animals 

Male NCr nu/nu mice were obtained 
from the National Cancer Institute 
(NCI-Frederick Cancer Research and 
Development Center, Frederick, Md) 
and housed in a laminar flow cabinet. 
Pathogen-free C57BL/6 and C3H/HeN 
female mice were obtained from Charles 
River CD (Calco, Italy). Mice were used 
when 6 to 8 weeks old. The mice received 



proper care and maintenance in accord- 
ance with institutional guidelines. For 
metastasis experiments, human tumors 
were injected into nude mice, the murine 
B16 melanoma variants and M5076 
reticulum cell sarcoma into C57BL/6 
mice, and the murine UV-2237M fi- 
brosarcoma into C3H/HeN mice. 

Tumor Lines 

Human cell lines used were A375 
melanoma, which is metastatic to the 
lung, and its highly metastatic variant, 
A375M (76); HT-29M colon carcinoma, 
which is metastatic to the lung (76); 
SN12-K1 renal carcinoma, which is 
metastatic to the lung (77); and HCC- 
P2988 rectal carcinoma, which is tumor- 
igenic but not metastatic (18). Murine 
cell lines used were B16-F1 melanoma, 
which is poorly metastatic to the lung, 
and its highly metastatic variant, B16- 
BL6 (79); fibrosarcoma UV-2237M, 
which is metastatic to the lung (20); and 
M5076 reticulum cell sarcoma, which is 
highly metastatic to the liver (27).. Cell 
lines were cultured as described in the 
respective references. The cultured 
tumor cells used were examined and 
found free of Mycoplasma. For injec- 
tion, tumor cells were harvested by brief 
exposure to 0.25% trypsin-0.02% edetic 
acid (EDTA), washed twice, and resus- 
pended as single-cell suspensions in 
Ca 2+ - and Mg 2+ -free Hanks' balanced 



salt solution (HBSS) at the concentre 
tion indicated in the "Results" section 
M5076 cells, which grow as a lightly 
attached monolayer, were harvested by 
tapping the flask, washed, and resu^ 
pended in HBSS. 

Interleukin-l-p * 

Highly purified human recombinant 
IL-1 p (mature peptide 117-269, in a coli^ 
specific activity 10 7 U/mg) was obtained . 
from Sclavo, Siena, Italy, and DeBf; 
Division, Cassina De Pecchi, Italyi 
Lyophilized IL-1 (3 was reconstituted inaf 
pyrogen-free, sterile phosphate-bufFeredf 
saline solution, sterilized by microfiltraSf 
tion in a filter of 0.2-|um pore size, andf 
stored frozen in 10-^ig aliquots. Working*^ 
concentrations of IL-1 p were diluted ina| 
volume of 0.2 mL in 0.9% NaCl before! 
injection as indicated in the "Results"! 
section. Control mice received vehicle- 
alone. % 

% 

Experimental Metastasis Assay £ 

Single-cell suspensions in 0.2 mL ofl' 
HBSS at the concentrations indicated in?, 
the "Results" section were injected intra-7 
venously (IV) into the lateral tail vein of ; ' 
mice. Autopsies were performed 8 weeks" 1 
later for all of the human tumors (with 1 
the exception of 12 weeks later for the 
human HCC-P2988 rectal carcinoma) 
and 3 weeks later for the murine tumors. 



Table 1. Formation of tumor colonies in lungs of mice given an injection of IL-ip 



Vehicle 



Tumor line 



IL-1 P* 



No. of cells, X10 4 : - f 



- No. of mice with; 
lung colonies/iota! 
No. of mice 



Median No. of 
colonies (range) 



No. of mice with 
lung colonies/total 
No. of mice 



Median No. of - 
colonies (range) 



Human 



A375 melanoma 


50 


6/8 


1.5 
(0-5) 


8/8 


A375M melanoma 


50 


7/8 


11.5 
(0-40) 


8/8 


HT-29M colon carcinoma 


100 


5/7 


1 

(0-10) 


7/8 


SN12-K1 renal carcinoma 


100 


5/7 


1 

(0-6) 


8/8 


HCC-P2988 rectal carcinoma 


100 


0/8§ 


0/8§ 


Murine 






B16-F1 melanoma 


5 


6/8 


2 

(0-6) 


8/8 


B16-BL6 melanoma 


2 


7/8 


10.5 
(0-33) 


8/8 


UV-2237M fibrosarcoma 
M5076 reticulum cell sarcoma 


5 
5 


6/8 
0/8§ 


30 
(0-84) 


8/8 
I/8§ 



15t 
(5-28) 
57.5f 
(45-207) 

n 

(0-32) 
38t 
(9 to > 100) 



15t 
(2-38) 
87.511 
.(10-128) 

105f 
(44-156) 



section. Results are ,; 



Mice were given IL-1 p 1 hour before the IV injection of tumor cellsand were autopsied at the time detailed in the "Materials and Methods" 
representative of at least two different experiments. 
*s .001 compared with controls. 
tP < .01 compared with controls. 

§Presence of tumor was analyzed by histologic examination. 
WP < .005 compared with controls. 



•V 



Journal of the National Cancer Institute j 



Table 1 Spontaneous metastases in mice bearing B16-BL6 melanoma and treated with IL-1 [3 



Treatment* 


No. of lung - - 
metastases per mouse 1 


Median No. of lung metastases 
(range) 


Vehicle alone 


0, 1, 2, 10, 28, 35, 38, 40, 43 


28 
(0-43) 


IL-1 (3 


15, 17, 20, 32, 76, 124,216, >300 - 


54f 
(15to>300) 



♦Mice bearing a growing tumor in their footpad were treated daily IP with IL- 1 (3 ( 1 ug per mouse) before 
excision of the primary tumor. Autopsies were performed 3 weeks later. Results are representative of two 
independent experiments. 

f/> = -05. 



Lungs were fixed in Bouin's solution, and 
the number of tumor colonies was coun- 
ted under a dissecting microscope. 
Lungs that presented no visible tumor 
colonies were processed for histologic 
examination. 

Spontaneous Metastasis Assay 

Two slightly different assays were used 
to study spontaneous metastases. For 
theB16-BL6 melanoma, C57BL/6 mice 
were given a 0.05-mL inoculum contain- 
ing 2 X 10 5 cells in the hind footpad and 
treated with IL-ip for 6 days, starting 
from when they had palpable tumors. At 
the end of the treatment, the mice were 
anesthetized with ether, and legs bearing 
tumors were amputated. The animals 
were autopsied 3 weeks later. For the 
M5076 reticulum cell sarcoma, 
C57BL/6 mice received a subcutaneous 
(SC) injection of 2 X 10 5 cells in a 0.1 -mL 
inoculum. IL-lp treatment started when 
mice had tumors of about 5 mm in size. 
Treatment was continued for 10 days 
until the mice were autopsied. 

In both protocols, IL-1 P was given 
intraperitoneally (IP) daily at a concen- 
tration of 1 |xg per mouse. During IL-1 p 
treatment, growth of the primary tumor 
was measured every other day with 
calipers, and tumor weight was es- 
timated by the formula (length X 
width 2 )/ 2. Results are representative of 
two or three independent experiments. 



Histologic Analysis 

For microscopic studies, lungs were 
fixed in 10% buffered Formalin, and 
routine paraffin sections were cut at 5 
|j,m and stained with hematoxylin-eosin. 
Two to five isolated sections from each 
lung were examined to determine the 
incidence of micrometastases. 

Statistical Analysis 

Differences in the numbers of metas- 
tases were analyzed by use of the Mann- 
Whitney U test. 



Results 

Effect of IL-lp on Experimental Lung 
Metastases 

One microgram of human recombi- 
nant I L- 1 P given IV to nude mice 1 hour 
before injection of tumor cells signifi- 
cantly increased the number of lung 
colonies formed by the human mela- 
nomas A375 (poorly metastatic variant) 
and A375M (highly metastatic variant), 
theliuman colon carcinoma HT-29M, 
and the human renal carcinoma SN 12- 
Kl (Table 1). In contrast, this treatment 
did not induce the formation of experi- 
mental metastases by the human rectal 
carcinoma HCC-P2988, a nonmeta- 
static tumor line (Table 1). Under the 
same experimental conditions, IL-1 (3 
increased the number of lung colonies 



Table 3. Spontaneous metastases in mice bearing M5076 reticulum cell sarcoma 



Treatment* 


No. of mice with liver 
metastases/total No. 
of mice 


Median No. of liver 
metastases (range) 


No. of mice with 
tumor cells in lung/ 
total No. of micef 


Vehicle alone 
_ IL-lp 


11/11 
10/10 


72 (4-124) 
144(11 to>300)$ 


2/11 
7/10 



*Mice bearing an SC tumor were given a daily IP injection of I ug of IL-1 (3 until they were autopsied. 
Results are representative of three independent experiments. 
tHistologic examination showed tumor cells attached to the vessel wall in the vascular lumen. 



formed by the murine B16-F1 (poorly 
metastatic variant) and B 16-BL6 (highly 
metastatic variant) melanomas and by 
the UV-2237M fibrosarcoma in syn- 
geneic mice (Table 1). The same treat- 
ment did not induce lung colony 
formation by the murine reticulum cell 
sarcoma M5076, which selectively me- 
tastasizes to the liver and is almost 
nonmetastatic to the lung (Table 1). In 
the same experiment, the number of 
liver colonies after IV inj ection of M5076 
cells was increased in mice receiving 
IL-ip (median number of liver colonies 
= > 100 in all mice) compared with that 
in mice receiving vehicle alone (median 
number of liver colonies, 65; range, 32 to 
MOO). 

Effect of IL-lp on Spontaneous 
Metastases 

Injection of tumor cell suspension 
into the tail vein is an accepted experi- 
mental model of events related to the 
arrest and extravasation of tumor cells 
during metastasis. The effect of IL-1 P on 
spontaneous metastases was studied in 
the murine B16-BL6 melanoma and the 
murine M5076 reticulum cell sarcoma; 
the former tumor line spontaneously 
metastasizes to the lung, and the latter 
tumor line spontaneously metastasizes 
to the liver. Table 2 shows that treatment 
with IL- 1 P of mice bearing the B 16-BL6 
melanoma in their footpad increased 
the number of spontaneous metastases 
to the lung (median number of lung 
metastases, 54; range, 15 to >300) com- 
pared with the number seen in mice 
receiving vehicle alone (median number 
of lung metastases, 28; range, 0 to 43^ 
The growth of the B16-BL6 primary 
tumor was not directly affected, as 
shown by the weight of the tumor in the 
footpad, which was the same in the two 
groups (data not shown). Treatment of 
mice bearing the M5076 tumor SC with 
IL-lp slightly retarded tumor growth, 
resulting in a lower tumor weight (mean 
weight ± SD, 1.2 ± 0.8 g) than in control 
mice (mean weight ± SD, 1.4 ± 0.8 g). 
Autopsy revealed that the tumor burden 
to the liver was significantly increased in 
IL-lp-treated mice (median number of 
liver foci, 144; range, 11 to >300) com- 
pared with that in vehicle-treated mice 
(median number of liver foci, 72; range, 
4 to 124) (Table 3). 

Histologic analysis of the lungs of 
mice bearing the M5076 reticulum cell 
sarcoma showed tumor cells in the blood 
vessels, mainly veins and venules. Tumor 
cells, characterized by a high degree of 
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Fig 1. Photomicro- 
graph of the lung of a 
mouse bearing the 
M5076 reticulum cell 
sarcoma SC and 
treated with IL-ip. 
Presence of neoplastic 
epithelial cells free in a 
vein (open arrow) or 
adhering to the endo- 
thelium (solid arrow). 
(Hematoxylin-eosin, 
original magnification 
X150). 




pleomorphism, were seen free in the 
vascular lumen; in some cases, single or 
small groups of tumor cells were at- 
tached to the vascular endothelium (Fig 
1). A higher proportion of lungs showed 
tumor cell dissemination in the blood 
vessels in IL-1 p-treated mice (75%) com- 
pared with vehicle-treated mice (20%) 
(Table 3). Tumor cells in the blood 
vessels were associated with a higher 
frequency of tumor cells attached to the 
vascular wall. 

Discussion 

We have shown previously that IL-1 
increased the number of lung colonies 
formed by a human melanoma in nude 
mice (15), Here we show that IL-ip 
treatment increased the numbers of me- 
tastases from tumors of different origin, 
histologic type, and metastatic poten- 
tial. The increase in lung colonies in- 
duced by IL-ip was observed with 
human tumors in nude mice and with 
murine tumors in syngeneic recipients, 
suggesting that the results were inde- 
pendent of the T-lymphocyte-deficient 
immune status of the nude mouse. IL-1 p 
does not affect the relative metastatic 
potential of the tumor lines because the 
difference in metastatic potential was 
maintained between variants (B16-F1 
and B 16-BL6; A375 and A375M). More- 
over, IL-1 p does not induce lung colony 
formation by tumor lines that are not 
metastatic, as was evident for the human 
HCC-P2988 rectal carcinoma that is 
highly tumorigenic in nude mice but 
never produced tumor colonies after IV 
injection. Similarly, the murine M5076 



reticulum cell sarcoma that rarely pro- 
duces lung metastases did not form 
macroscopic lung colonies in mice 
treated with IL- 1 p. However, in the same 
model, IL-ip increased the number of 
tumor foci in the liver, an organ to which 
the M5076 tumor has a propensity to 
metastasize (21). 

The selective tumor colonization of 
certain organs has been described (22). 
Several reasons have been given to ex- 
plain metastasis formation to a specific 
site, including the arrest of tumor cells at 
the vascular level, mediated by specific 
mechanisms (1,23). Here we found an 
increase in lung and liver metastases 
depending on the metastatic nature of 
the tumor cells. This result suggests that 
IL-1 p does notaffect the organ Jropism 
~ of the metastatic cells and that a similar 
mechanism(s) might be responsible for 
the increase in metastases to the lung 
and liver induced by IL-1 p. These find- 
ings are supported by analysis of the 
distribution and arrest of IV injected 
radiolabeled tumor cells in the organs of 
mice pretreated with IL-1 p. At 4 hours 
after injection with B16-BL6 or M5076 
tumor cells, we found an increased 
retention of radioactivity in the lungs of 
mice given IL-1 p. However, while the 
higher retention of radiolabeled B16- 
BL6 cells lasted more than 24 hours after 
tumor cell injection and was associated 
with an increase in lung colonies, the 
retention of M5076 tumor cells dropped 
drastically at 24 hours, and the animals 
had no macroscopic lung colonies at 
autopsy (data not shown). Similarly, we 
have shown previously that augmenta- 
tion of lung colonies by human A375M 



melanoma cells in nude mice receiving 
IL- 1 p was associated with a higher reten- 
tion of radiolabeled tumor cells in the 
lung (75). 

Despite the poor lung-colonizing abiU 
ity of the M5076 tumor, viable tumor 
cells have been reported in the lungs of 
mice with/sC primary tumors (24)*: 
Interestingly, mice bearing the M5076 
tumor and treated with IL-ip showed 
increased dissemination of tumor cells" 
to the lung; tumor cells were in the 
vascular lumen and attached to the 
vessel walls but did not infiltrate into the 
lung parenchyma or develop into visible 
lung metastases (Fig 1). Tumor cells in 
the lung may be a consequence of tumor] 
cell dissemination from hepatic metas-: 
tases, although we found a direct cor- 
relation between tumor burden in the 
liver and in the lung for only a few mice. 
Taken together, these findings support 
the hypothesis that IL-1 P interferes with 
the arrest of tumor cells in the secondary 
organs, but not with the intrinsic capac- 
ity of the cells to complete the metastatic 
process. We have shown already that 
IL-1 p does not affect colony formation 
when given 24 hours after the IV injec- 
tion of tumor cells (75), a time at which 
the tumor cells presumably have become 
implanted in the secondary organ. 

The entry of hematogenous meta- 
static cells into organs by way of the 
microvasculature can be compared to 
the passage of blood leukocytes into 
tissues. Endothelial cells are induced by 
cytokines to express surface antigens 
that mediate leukocyte adhesion 
-(25-27). Similarly, tumor cells must ad r _ 
here to and invade through endothelial 
cells during blood-borne dissemination. 
Specific adhesion molecules expressed 
on the endothelial cell surface are sug- 
gested to regulate adhesion of malignant 
tumor cells and to play a role in preferen- 
tial tissue localization (4,5,23,28). Re- 
cently, it has been shown that activation 
of endothelial cells by cytokines in- 
creases tumor cell adhesion (11-14), 
Inducible endothelial cell-surface mole- 
cules that regulate the adhesion of leuko- 
cytes may mediate tumor cell adhesion 
to activated endothelial cells (14), We 
found that tumor cells shown previously 
to attach to activated endothelial cells 
(77) can be induced to form more lung 
colonies by the injection of IL-1 p. 
Whether the augmentation of metas- 
tases in mice given IL-1 p can be 
explained by a specific adhesive interac- 
tion with vascular endothelium remains 
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t0 'be clarified. Undoubtedly IL-1 in- 
duces a cascade of biologic changes in 
endothelial cell properties that, in turn, 
could influence the intravascular transit 
of tumor cells (8,9,29). Our preliminary 
studies have shown that the effect of 
IL-1 P on metastasis formation is not due 
to a gross vascular injury and that 
: treating mice with anti-inflammatory or 
anticoagulant agents did not prevent the 
HL-1 P-induced increase in lung colonies 
- (75). Additional studies are under way to 
"define the role of IL-1 p-inducible endo- 
thelial cell effects on the metastatic 
process. 

: ; The direct or indirect antitumor effect 
of IL-1 is controversial (30-32). The 
antitumor effects of IL-1 on a series of 
transplanted solid tumors have been 
reported, together with the antimeta- 
static activity of IL-1, although it is not 
clear whether the antimetastatic activity 
described in those studies was the conse- 
quence of a response of the primary 
tumor (30,32). In another study (31 \ 
however, insignificant therapeutic activ- 
ity was described for IL-1 against artifi- 
cial and spontaneous metastases. Here 
we found that, although the M5076 
growing SC was slightly responsive to 
IL-ip treatment and the B16-BL6 was 
unresponsive (data not shown), IL-1 p 
increased the number of metastases 
formed by both tumor types. These 
discrepancies with the above studies are 
most likely due to the different tumor 
models used and to differences in sched- 
ules and doses of IL-1. IL-1 P was given to 
animals bearing a growing primary 
tumor (during the tumor cell dissemina- 
tion phase). The fact that we found an 
increase in metastases induced by IL-1 P 
given before amputation of the tumor- 
bearing limb (eg, results obtained with 
the B 16-BL6 melanoma) agrees with the 
theory that IL-1 affects the process of 
tumor cell dissemination rather than the 
growth of metastases in the secondary 
organ. Using a similar metastatic model, 
Castelli et al (31) found no effect on 
metastasis formation when IL-1 was 
given after amputation of the tumor- 
bearing limb (ie, after tumor cells had 
become implanted in the secondary 
organ). 

In a patient with cancer, the host cell 
production of IL-1 or other cytokines 
( e 8, during a concurrent inflammatory 
status) or the production of IL-1 from 
tumor cells themselves (33-35) might be 
?n event that favors tumor cell dissem- 
ination. The results presented here dem- 



onstrate that IL-1 p affects the metastatic 
behavior ,of tumors of different origin 
and with different metastatic charac- 
teristics. 
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The lymphokine osteoclast-activating factor 
(OAF) was purified to homogeneity. OAF was pro- 
duced by human peripheral blood mononuclear 
cells stimulated with concanavalin A and phorbol 
myristate acetate under serum-free culture condi- 
tions. OAF was purified by sequential gel filtration, 
ion-exchange, and reverse-phase HPLC by following 
bone resorptive activity. Homogeneity was indi- 
cated by the criteria of a single 17,800-dalton band 
on silver-stained polyacrylamide gels, a single pi 6.8 
band on isoelectric focusing, and a single amino- 
terminal sequence. Purified OAF stimulated half- 
maximal release of calcium from fetal rat long bones 
at a concentration of approximately 0.66 ng/ml. The 
amino-terminal sequence of OAF was determined 
and found to be identical to that of interleukin 1/9. 
Homogeneous OAF possessed an activity of 8.2 x 
10 6 U/mg in the thymocyte proliferation assay. Be- 
cause the m.w., isoelectric point, amino-terminal 
sequence, and specific activity in the thymocyte 
proliferation assay are the same for homogeneous 
OAF and interleukin 1/?, we conclude that they are 
the same molecule, and that interleukin 10 is the 
major protein with OAF activity produced by lectin- 
stimulated peripheral blood mononuclear cells. 



Osteoclast-activating factor (OAF), 3 a lymphokine that 
stimulates bone resorption, was originally identified in 
the culture supernatants of mitogen- or dental plaque 
extract-stimulated human peripheral blood leukocytes 
(1). The cellular source of OAF has been controversial. It 
has been reported that OAF is produced by lymphocytes 
in a process dependent on macrophage synergy (2, 3), 
and that isolated monocytes can produce a bone resorp- 
tive factor (4). Conflicting data exist with respect to the 
production of OAF by T lymphocytes (5, 6) and B lympho- 
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cytes (6, 7). OAF-like bone resorbing activity has also 
been detected in culture fluids from neoplastic myeloma 
and lymphoma cell lines (8) and in short-term cultures of 
bone marrow from patients with myeloma (9). A correla- 
tion between OAF production by bone marrow cells and 
the extent of bone disease and myeloma cell mass has 
been demonstrated (10, 1 1). In periodontal disease, both 
T and B lymphocytes are present in inflammatory cell 
infiltrates adjacent to sites of bone loss (12), and bone 
resorbing activity in the putative m.w. range of OAF has 
been detected in tissue extracts from sites of periodontal 
destruction (13). 

Partial purification of protein(s) with OAF activity has 
been reported (14-17). However, there are significant 
differences in reported m.w. and chromatographic prop- 
erties, and no subsequent publications containing se- 
quence data or definitive biochemical characterization 
have appeared from these laboratories. 

The present report describes methods for the produc- 
tion and purification of microgram quantities of homo- 
geneous OAF. Biologic and biochemical characterization 
of homogeneous OAF demonstrate its identity with inter- 
leukin 10 (IL 1/?). 

MATERIALS AND METHODS 

OAF production. Peripheral blood mononuclear cells (PBMC), ob- 
tained as a by-product of plateletphoresis, were separated from 
granulocytes and erythrocytes by density gradient centrifugation on 
Ficoll-Hypaque (18). The separated PBMC typically consisted of 80% 
lymphocytes and 20% monocytes. Cells from one to three donors 
were washed twice in Eagle's minimum essential medium containing 
5% newborn calf serum and 1 % 100X penicillin-streptomycin mix- 
ture. Cells were washed a third time in final culture medium (FCMJ 
supplemented with 1.0% heat-inactivated, pooled newborn calf se- 
rum. FCM consisted of RPMI 1640 with 50 Mg/mi gentamlcin, 4 mM 
L-glutamine, 1% 100X Na pyruvate, 1% lOOx nonessential amino 
acids, and 12.5 mM HEPES buffer at pH 7.4. After the final wash, 
the cells were mixed (two- to three-way mixed lymphocyte cultures) 
and re suspended In FCM with 1.0% newborn calf serum. 5 Mg/ml 
concanavalin A (Con AJ, and 25 ng/ml phorbol myristate acetate 
(PMA). at a final concentration of 3 x 10 s cells/ml. Cells were 
cultured in T-75 plastic culture flasks (Falcon), and cultures were 
maintained in a 5% COa/95% air incubator at 37°C and 95% humid- 
ity. After a 16-hr induction phase in serum-containing medium, the 
adherent cells were rinsed three times with FCM. and the nonadher- 
ent cells were washed by centrifugation and replated in the original 
culture flask in FCM containing 3 *ig/ml Con A and 5 ng/ml PMA. 
After 24 hr culture, the conditioned medium was collected and the 
cells were cultured for an additional 24 hr for a second collection. 
The conditioned media were clarified by centrifugation and stored 
frozen at -70*C 

OAF assay. OAF activity was originally defined as the ability to 
stimulate release of 45 Ca from bones in organ culture (1). in the 
present studies, one unit of OAF activity was defined as the recip- 
rocal titer that stimulated half-maximal bone resorption in fetal rat 
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long- bone organ culture. Samples that contained high activity and 
no toxic components were diluted at least 1/200 with BGJ b medium 
(GIBCO) and tested at twofold serial dilutions. Samples that had low 
activity, or contained inhibitory components, were concentrated, 
equilibrated with BGJ b over an Amicon YM- 1 0 membrane, and tested 
at twofold serial dilutions. Fetal rat long-bone tissue culture was 
performed as described (19, 20). Briefly, fetal bones were labeled 
with 45 Ca by Injecting the mother with 200 ^Cl **Ca (New England 
Nuclear) on the 18th day of gestation. Radii and ulnae bone shafts 
were obtained from 19-day fetuses by microdissection. The shafts 
were first cultured in 0.5 ml BGJb medium (GIBCO) containing 1.0 
mg/ml bovine serum albumin (Armour) for 1 day to reduce exchange- 
able **Ca. One bone from a pair (right and left radii or right and left 
ulnae from a single fetus) was then transferred into medium with 
OAF (treatment), and the contralateral bone was placed into identical 
medium without OAF (control). A typical test group consisted of five 
pairs of bones. Bones were cultured for 5 days in a 95% air/5% C0 2 
incubator at 37°C and 95% humidity with one change of media at 2 
days. The percentage of 4S Ca released from a bone into the medium 
during the 5-day culture was determined by measuring the radioac- 
tivity in medium 1 . medium 2. and the trichloracetic acid-solubilized 
bone by using a liquid scintillation counter. Stimulated resorption 
was expressed as the paired difference between treatment and con- 
trol bone percentages of **Ca released during the 5-day culture. For 
each test group of five bone pairs, a mean, standard error, and t 
were determined. Significance was determined for the paired mean 
difference differing from zero by a two-tailed Student t-test. Dead 
bone * s Ca release in this system was approximately 10%. BGJ b 
control 45 Ca release was between 13 and 18%. and maximum para- 
thyroid hormone 45 Ca release was 70 to 90%. Because "stimulated* 
release is expressed as the mean difference between paired BGJ b 
control bones (C%) and treated bones (T%), the T%-C% for an inactive 
treatment is zero, and a maximum parathyroid hormone response is 
approximately 55 to 75%. Each bone was labeled with approximately 
20,000 cpm 4 *Ca. 

Polyacrytamide gel electrophoresis. Sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) was performed as 
described by Laemmeli (21). using 20-lane, 160 x 140 x 0.75-mm 
gels with 1 5% T, 3% C. Proteins were visualized by silver staining 
(kit from Bio-Rad). The following proteins were used as m.w. stand- 
ards: BSA. 66 kilodaltons (kD): ovalbumin, 45 kl>. carbonic anhy- 
drase. 29 kD; soybean trypsin inhibitor, 20.1 kD; /Mactoglobulin, 
18.4 kD: superoxide dismutase, 15.6 kD; and cytochrome c, 12.4 
kD. The m.w. of OAF was estimated from a plot of Rf vs Iogjm.w.). 

Isoelectric focusing. Analytical isoelectric focusing was per- 
formed on an LKB Multiphor flat-bed electrophoresis apparatus by 
using an 0.5-mm-thick, 5% acrylamide gel. A pH 3 to 10 gradient 
was generated with the use of LKB Amphollnes. The gel was prefo- 
cused for 1 hr at 6 W constant power, and then samples, 7 ^1, were 
applied to filter paper strips and the proteins were focused for an 
additional 1.5 hr. The gel was fixed in 30% methanol, 10% TCA. 
3.5% sulfosalicyllc acid for 1 hr and then fixed overnight In 30% 
methanol. 12% TCA. The proteins were visualized by silver staining 
(Bio-Rad). 

OAF purification. All purification procedures were performed at 
5°C. Two liters of conditioned medium were clarified by centrifuga- 
tion. The medium was passed through a 50-mI column of DEAE Bio- 
Gel A (Bio-Rad), equilibrated with PBS. to remove contaminating 
negatively charged macromolecules. The medium was then concen- 
trated 1000-fold on an Amicon YM-10 membrane and clarified by 
centrlfugation. 

Gel filtration chromatography. Two milliliters of concentrated 
conditioned medium were applied to a 1 .6 x 95-cm Bio-Gel P-60 (Bio- 
Rad) column equilibrated with PBS. Elution with PBS was performed 
at a flow rate of 7 ml/hr, and fractions of 1.5 ml were collected. 
Fractions expected to possess OAF activity based on their elution 
position in previous calibration experiments were pooled and stored 
frozen at -70°C The column was calibrated with the following 
proteins: thyroglobulin, 669 kD; ovalbumin, 45 kD: carbonic anhy- 
drase. 29 kD; soybean trypsin inhibitor. 20.1 kD; and cytochrome c, 
12.4 kD. The m.w. of OAF was estimated from a plot of K ev vs 
log(m.w.). 

CM/DEAE ion-exchange chromatography. Active fractions from 
three to five Bio-Gel P-60 runs were pooled and concentrated to 1 ml 
on an Amicon YM-5 membrane and equilibrated with 100 mM Trls- 
glycine buffer. pH 8.2. The sample was applied to a 1 x 3-cm CM 
Bio-Gel A column connected in tandem to a I x 10-cm DEAE Trisa- 
cryl M column (LKB), both previously equilibrated with Tris-glycine 
buffer. The tandem columns were eluted with 4.5 ml of Tris-glycine 
buffer, which was sufficient to carry proteins not retained by the 
CM column onto the DEAE column. The columns were disconnected, 
and OAF was eluted from the DEAE column with a 300 ml gradient 
of 0 to 200 mM sodium acetate in Tris-glycine buffer. Chromatog- 



raphy was performed at a flow rate of 1 5 ml/hr, and fractions of 1 .5 
ml were collected. Samples from every other fraction were taken for 
analysis by SDS-PAGE and for OAF assay. 

Reverse-phase high-performance liquid chromatography (RP- 
HPLC). HPLC was performed on a Waters chromatographic system 
with a 3.9 x 30-cm jtBondapack c I9 column. Elution was monitored 
by using a Hewlett-Packard 1040A Diode Array UV detector. Ab- 
sorption at 200, 210, 220, 240, 258, 278, and 290 nm was contin- 
uously recorded, and flash spectra from 1 90 to 400 nm were recorded 
for the base line, upslope, apex, and downslope of each peak. Solvent 
A was 0. 1 % TFA in water and Solvent B was 80% acetonltrile in A. 
The column was equilibrated with 20% B. OAF-contalning fractions 
from DEAE chromatography were pooled, concentrated, and injected 
onto the column. OAF was eluted with a two-slope gradient: 20 to 
40% B in 5 min followed by 40 to 60% B in 60 min. Peak fractions 
were collected manually. Samples were removed for SDS-PAGE and 
OAF assay. The samples for bone assay were blown to dryness under 
a stream of nitrogen and redissolved in BGJ b medium. 

Hydroxyapatite chromatography. OAF-containing fractions 
from DEAE chromatography were pooled and applied to a 1 x 5-cm 
column of Ultrogel HA (LKB) previously equilibrated with Tris-gly- 
cine buffer. OAF was eluted with a 60-ml gradient of 0 to 75 mM 
sodium phosphate in Tris-glycine buffer. Fractions of 1.5 ml were 
collected. Samples of every fraction were taken for analysts by SDS- 
PAGE and for OAF assay. 

Lectin-agarose adsorption. Lectin-agarose gels were obtained 
from Vector Laboratories. One-milliliter micro-columns were poured 
and equilibrated in buffers specifically recommended for maximum 
binding of carbohydrate to each lectin (Vector data sheet). One- 
milliliter samples of partially purified OAF (obtained after Bio-Gel P- 
60 chromatography) were equilibrated on Amicon YM-10 mem- 
branes with the appropriate buffers for each column, and then 
applied to columns. The columns were washed with 5 ml starting 
buffer to obtain filtrate fractions and were eluted with 10 ml buffer 
containing specific carbohydrates to obtain any bound material. 

Stability studies. For chemical stability studies, agents to be 
tested were added to 1 ml of partially purified OAF (obtained after 
Bio-Gel P-60 chromatography) at the following final concentrations: 
10 mM dtthlothreltol, 10 mM sodium dithlonite, 1 mM potassium 
ferricyanlde. 0.5 mM cystine, 10 mM phenylglyoxal. and 10 mM 
phenylmethylsulfonyl fluoride (PMSF). After 24 hr at 5°C, samples 
were washed Into bone tissue culture media on an Amicon YM-10 
membrane. 

For physical studies, 50 pi of highly purified OAF (obtained after 
DEAE chromatography) were heated to 60°C for 10 or 30 min. 
lyophilized for 24 hr, and reconstituted with distilled water, or they 
were frozen at -70° for 24 hr. The samples were then added to 10 
ml of bone tissue culture media and assayed. 

NH^-terminal sequence analysts. Analysis was performed by 
sequential Edman degradation in the presence of 1 .5 mg polybrene 
on an Applied Biosystems Incorporated gas phase micro sequencer. 
The phenylthiohydantoin amino acids were separated by HPLC by 
using a 6 u Zorbax Ci 8 column at 46°C in 10 mM sodium phosphate. 
0.025% triethylamine buffer. pH 4.95. All data were quantified by 
using a Hewlett-Packard 3390 A integrator and phenylthiohydantoin 
norleucine as an internal standard. 

Thymocyte proliferation assay. IL 1 bioactivtty was determined 
by its capacity to stimulate thymocyte proliferation in the presence 
of phytohemagglutinin, as described (22). 



RESULTS 

Production of conditioned medium. Processing one to 
three leukopacks typically yielded 2.5 to 7.5 x 10 9 PBMC 
for the production of 1.7 to 5 liters of conditioned me- 
dium. Conditioned media from the first and second col- 
lection periods typically contained 10 to 20 U/ml of OAF 
activity and approximately 20 Mg/ml protein. The protein 
content, activity and recovery for each step in OAF pu- 
rification are presented in Table I. 

Purification of human OAF. Passage of conditioned 
medium through a small DEAE column adsorbed material 
that prevented concentration above 200-fold on a YM-10 
membrane. Protein that precipitated during concentra- 
tion on the YM- 1 0 membrane was removed by centrif u- 
gation. Despite removal of substantial protein during this 
adsorption/concentration step, there was little loss of 
OAF activity (Table I). 
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TABLE I 
OAF purification 0 



Stage 


Total 
Protein 


Total 
Activity 


Specific 
Activity 


Recovery 


Conditioned medium 


126,000 


72.000 


0.6 


100.0 


Adsorbed/concentrated 


22.200 


64.600 


2.9 


89.7 


Bio-Gel P-60 


2,040 


58,800 


29 


81.7 


CM/DEAE chromatography 


49 


43,200 


881 


60.0 


RP-HPLC 


15 


22.800 


1.520 


31.7 



* Purification from 6 liters of conditioned medium. Protein concentra- 
tions were determined by measuring optical density and by colorimetric 
assay. Bone resorption unit of activity equaled amount needed to stimu- 
late half •maximal release of **Ca from fetal rat long bones in 5-day organ 
culture. 
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Figure 1. Bio-Gel P-60 chromatography of OAF. OAF-containing con- 
ditioned medium was concentrated 1000X and applied to a 1.6 x 95-cm 
column, equilibrated with PBS. Eluted protein was detected by absorb- 
ance at 220 nm. OAF activity was determined by bone organ culture. The 
elution position of calibration standards Is shown with arrows. 

The concentrated conditioned medium was applied to 
a precalibrated Bio-Gel P-60 column. The optical density 
and activity profiles of a typical chromatographic run are 
shown in Figure 1 . OAF activity was found to elute in a 
peak at about 13.8 kD. All other fractions lacked activity. 
Bio-Gel P-60 chromatography resulted in a 10-fold reduc- 
tion in protein with good recovery of activity (Table I). In 
some chromatographic runs, recovery at this step was 
greater than 100%, possibly Indicating removal of an 
inhibitor. 

The active fractions from three to five Bio-Gel P-60 
chromatographies were pooled, concentrated, and ap- 
plied to tandem CM and DEAE columns. The optical 
density and activity profiles for elution of a typical DEAE 
column are known in Figure 2. OAF activity eluted as a 
sharp peak at about 15 to 17 mM sodium acetate. The 
OAF peak represented approximately 1/40 the total pro- 
tein recovered from the DEAE and CM pre-column (Table 
I). 

Active fractions from DEAE chromatography were 
pooled, concentrated, and applied to a C 18 MBondapack 
reverse-phase column. The optical density and activity 
profiles of the RP-HPLC are shown in Figure 3. Peaks A 
through C had no OAF activity, whereas peak D had a 
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Figure 2. DEAE Trisacryl M chromatography of OAF. Active fractions 
from Bio-Gel P-60 chromatography were pooled, concentrated, and equil- 
ibrated with Trls-glycJne buffer. The concentrate was passed through a 
small CM column onto the DEAE column, and eluted with a 0 to 200 mM 
Na acetate gradient. Protein concentration was monitored by absorbance 
at 280 nm. Na acetate concentration was determined from conductance 
of column effluent. OAF activity was determined by bone organ culture. 
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Figure 3. RP-HPLC of OAF. OAF was eluted from a C,« reverse-phase 
column with an acetonitrile gradient In 0. 1 % TF A/water. Protein concen- 
tration was monitored by absorbance at 2 1 0 nm. The major protein peaks 
are labeled A through D and were tested for OAF acUvlty in bone organ 
culture. 

total of 22,800 U, representing 53% recovery of applied 
activity (Table I). Figure 4A shows the silver-stained SDS- 
PAGE of fractions from the DEAE chromatography that 
were pooled for the RP-HPLC shown in Figure 3. Frac- 
tions 44 through 50 contained OAF activity, with the 
highest activity in fractions 46 through 48. The pooled 
DEAE sample contained four major proteins of 11.4, 
15.3. 16.4, and 17.8 kD. Figure 4B shows the silver 
staining SDS-PAGE of peak fractions from the reverse- 
phase column. Fraction D, which contained all of the 
OAF activity, contained only the 17.8-kD protein. The 
three lower m.w. contaminating proteins were found in 
fractions A through C. Approximately 150 ng of protein 
from fraction D were applied to gel lane D. By the silver- 
staining method, 1 ngof protein, representing 0.7% con- 
tamination, could have been visualized if it had been 
present. 

UV spectra were obtained on the upslope, apex, and 
downslope for each of the RP-HPLC fractions. The spec- 
tra taken at the apices of peaks A through D were clearly 
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TABLE III 
Stability of OAF 
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Figure 4. SDS-PAGE of OAF column fractions. PAGE was performed 
by the method of Laemmli and protein visualized by stiver staining. The 
m. w. scale was determined from the migration of eight protein standards. 
A, Staining pattern of fractions from a DEAE chromatography near the 
peak of OAF activity. Fractions 44 through 50 contained OAF activity 
and were pooled for the RP-HPLC shown In Figure 3. B. Staining pattern 
of the four major protein peaks obtained from RP-HPLC in Figure 3. One 
hundred fifty nanograms of protein were applied to lane D as determined 
by OD210 absorption. The sensitivity of the stiver staining method was 
about 1 ng for protein standards. 

TABLE II 

The passage of OAF through lectin-agarose columns 



Treatment 



Carbohydrate Specificity 



Activity 
Filtrate 0 



Activity 
Etuate 6 



ConA 


ar-D-mannosyl- 


72 


1 




ft-D-glucosyl- 






Peanut agglutinin 


0-D-gal-( 1 -3)-D-galNAc 


67 


0 




0-D-gaIactosyl- 






Ricinus communis 


o-galactosyl- 


117 


9 


agglutinin I 








Soybean agglutinin 


N-acety lga lactosyam Inyl- 


63 


1 


Ulex europaeus 


L-fucosyl- 


80 


1 


agglutinin I 








Wheat germ 


(/j-JV-acetylglucosamlnyl-),, 


66 


3 


agglutinin 


sialic acid 







4 Percent of applied activity in breakthrough volume and 5 ml wash. 
* Percent of applied activity eluted with 1 0 ml of specific carbohydrate 
buffer. 

different in their absorption in the 215 to 235 nm range, 
presumably due to differing tryptophan, tyrosine, and 
phenylalanine content of the proteins. The three spectra 
taken at the upslope, apex, and downslope of peak D were 
superimposable. Superimposition of UV spectra across a 
peak is an indication of homogeneity. 

In a second approach, OAF activity was again identified 
with the 17.8-kD protein by hydroxyapatite chromatog- 
raphy. Active fractions from DEAE chromatography were 
pooled and applied to an HA column and eluted with a 
phosphate gradient. Silver-stained SDS-PAGE of the 
pooled DEAE fractions (data not shown) demonstrated 
that the applied sample contained three major proteins 
of 11.4, 15.3. and 17.8 kD. The three proteins were 
cleanly separated from one another, and OAF activity 
eluted coincident with the 17.8-kD protein at 18 mM 
phosphate. 

OAF characterization. OAF passed freely through six 
lectin-agarose columns of widely different carbohydrate 
specificities, as shown in Table II. indicating its lack of 
significant glycosylation. 

The effect of several agents and treatments on OAF 
activity is shown in Table III. OAF was stable in the 
presence of potassium ferricyanide and cystine, mild 



Treatment 



Activity" 



Activity 
{% Control) 



Oxidizing and reducing 
agents 
Experiment 1 
OAF control 
Cystine 

Potassium ferricya- 
nide 

Dlthiothreltol 

Sodium dlthlonlte 
Experiment 2 

OAF control 

Potassium ferricya- 
nide 

Sodium dlthlonlte 
Protein-reactive agents 
Experiment 1 

OAF control 

PMSF 
Experiment 2 

OAF control 

Phenylgiyoxal 
Physical treatments 
Experiment 1 

OAF control 

Heatto60°C. lOmtn 

Freeze -70°C. 24 hr 
Experiment 2 

OAF control 

Lyophlllze 24 hr 



15.0 ± 1.8(12) 
20.7 ±4.8 (12) 
22.7 ±3.9 (12) 

12.1 ±3.1 (12) 
12.9 ±2.6 (12) 

20.5 ±3.6 (10) 

20.0 ±2.7 (10) 

19.1 ± 2.1 (10) 



20.5 ±3.6 (10) 
21.4 ±2.9(10) 

38.8 ±4.7 (5) 
3.6 ±2.0 (5) b 



39.1 ±4.7 (9) 
-i.2±3.4(10) b 
25.0 + 5.8 (9) 

20.5 ±3.6 (10) 

23.2 ±2.9 (10) 



100 
138 
151 

83 
86 

100 
98 

93 



100 
103 

100 
9 



100 
-3 
64 

100 
113 



a Values are mean paired T%-C% ± SE (number of bone pairs) stimu- 
lated resorption for 5 days of culture. Maximum parathyroid hormone 
stimulated release. T%-C%. is 55%-75%. 

b Significantly different from OAF control by two-tatted Student's f- 
testat p<0.01. 



OAF 
XL 10 



OAF 

XL 16 



OAF 

XL IB 



Ala Pro Val Arg Ser Leu Asn X Thr Leu Arg Asp Ser Gin Gin 
Ala Pro Val Arg Ser Leu Asn Cys Thr Leu Arg Asp Ser Gin Cln 
15 10 15 

Lya Ser Leu Val Met Ser Gly Pro Tyr Clu Leu Lys Ala Leu (His) 
Lys Ser Leu Val Net Ser Gly Pro Tyr Clu Leu Lys Ala Leu His 
16 20 25 30 

Leu Gin Gly Cln Asp Met (Clu) Cln Gin <Val) (Val ) (Phe) 
Leu Gin Gly Cln Asp Hat Glu Gin Gin Val Val Pne 
31 35 to HZ 

Figure 5. NH a -termlnaLsequence of OAF. The NH 2 -termlnal sequence 
of homogeneous OAF was determined by sequential Edmond degradation 
on a gas phase micro sequenator. The IL 10 sequence is from March et 
al. (24). Amino acids that were identified but present In low yields are 
shown in parentheses. Cycles In which no amino acid could be identified 
are shown as an X. 

oxidizing agents; sodium dlthlonlte and dlthiothreltol, 
mild reducing agents; and PMSF, a serine protease inhib- 
itor. OAF was inactivated by exposure to phenylglyoxyl, 
an arginine modifying agent. Purified OAF could be fro- 
zen and thawed or lyophllfzed with little loss of activity. 
OAF activity was lost upon heating to 60°C for 10 min. 

A single pi 6.8 silver-stained band was seen for OAF, 
between human carbonic anhydrase (pi 6.5) and equine 
myoglobin (pi 7.00) standards, upon isoelectric focusing. 

NH 2 'terminal sequence analysts. The NH 2 -terminal 
sequence of OAF is shown in Figure 5, as is that for IL 1 . 
Sequence analysis was performed on 730 pmol of native 
OAF. The initial yield at Ala 1 was 128 pmol, and the 
repetitive yield between Leu-6 and Leu- 10 was 91%. A 
single amino acid was identified at each step until phase 
differences appeared in the later cycles. Arginine could 
not be clearly identified, as it eluted coincident with a 
backgr und peak in the base line. Cysteine is not easily 
detected in this system unless the protein is reductively 
methylated. The lack of identifiable amino acids at OAF 
positions 4, 8, and 1 1 is consistent with the presence of 
Arg and Cys residues at these positions. Amino acids 
identified, but at low yields, are shown in parentheses. 
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Concentration (Molar) 
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Figure 6. Activity of OAF In bone resorptive and thymocyte prolifer- 
ation assays. The nanogram concentration of OAF was determined by 
amino acid analysis, and the molar concentration was based upon a m.w. 
of 17,377. Bone resorption was determined as release of * a Ca from fetal 
rat long bones in 5-day culture. Thymocyte proliferation was determined 
by l 3 H|thymidine incorporation in mouse spleen cells co-stimulated with 
phytohemaggJutlnin. 

The EL 1 sequence Is that predicted from cDNA and 
protein sequencing (22, 23). Ala 1 occurs at position 117 
of the IL 1 precursor molecule (22, 23). For each position 
that an amino acid was identified for OAF, it is identical 
to that for IL 1. 

Biologic activities of OAF. The dose-response curves 
for OAF in the bone resorption assay and in the thymo- 
cyte proliferation assay are shown in Figure 6. The con- 
centration of OAF was estimated by amino acid analysis, 
and molarity was calculated based upon a m.w. of 
17,377. The concentration of OAF for stimulation of half- 
maximal bone resorption Is 0.66 ng/ml, and 0.12 ng/ml 
for thymocyte proliferation. 

DISCUSSION 

In the present studies, we have purified OAF from the 
culture supernatant of Con A- and PMA-stimulated hu- 
man PBMC (80% lymphocytes and 20% monocytes) by 
following recovery of bone resorption activity. The iso- 
lated protein was found to be homogeneous by the follow- 
ing criteria: a single 17.8-kD band on silver-stained SDS- 
PAGE gels; a single silver-stained band at pi 6.8 on 
analytical isoelectric focusing; superimposable UV spec- 
tra taken at the upslope, apex, and downslope of the RP- 
HPLC OAF peak; and an unambiguous N- terminal se- 
quence. Homogeneous OAF appears to be identical to the 
pi 6.8 species of IL 1 based upon comparison of their N- 
terminal sequences, amino acid composition, m.w., isoe- 
lectric points, inactivation by heating and exposure to 
phenylglyoxyl, and specific activities in the thymocyte 
proliferation assay. Each of the 41 amino acids that were 
positively identified in the N-terminal sequence of OAF 
was identical to that for the pi 6.8 species of IL 1 (23), 
recently termed IL 10 (24). Our results provide two esti- 
mates of m.w. for OAF: 13.8 kD from gel filtration and 
1 7.8 kD from discontinuous SDS-PAGE. These agree with 
values of 13 kD from size exclusion HPLC (25) and 15 to 
17.5 kD from gradient SDS-PAGE (25, 26) obtained for 
IL 1. The m.w. predicted from the cDNA sequence of IL 
10 is 17,377 (23, 24). The isoelectric point for OAF and 
IL 10 (25) is 6.8. OAF and IL 1 activities are destroyed by 



heating (27) and by exposure to the arginine modifying 
agent phenylglyoxyl (28). The stability of OAF in the 
presence of the reducing agents dithiothreitol and sodium 
dithionite and the serine protease inhibitor PMSF is con- 
sistent with the stability of IL 1 in the presence of the 
reducing agent 0-mercaptoethanol and PMSF (29). The 
passage of OAF thru lectin columns Is consistent with 
the lack of glycosylation found for IL 10 (26). The specific 
activity of homogeneous OAF in the thymocyte prolifer- 
ation assay was 8.2 x 10 6 U/mg, which compares closely 
with 7.6 X 10 6 U/mg reported for homogeneous IL 10 (25). 
Finally, IL 1 has been shown to stimulate bone resorption 
in vitro (30, 31). The concentration for half-maximal 
stimulation of bone resorption for pig IL 1 (3 1) is identical 
to that reported for homogeneous OAF. We conclude from 
these studies that the activity previously described as 
"OAF" is largely if not solely attributable to IL 10, and 
that "OAF* may not exist as a separate molecular entity. 

In designing our protocols, the previously described 
conditions for the production and Initial purification of 
OAF were deliberately mimicked in order to facilitate 
isolation of the molecule originally described by Horton 
et al. (1, 17), and Luben et al. (14). In fact, the OAF/IL 10 
we have purified appears to be identical to the previously 
partially characterized OAF on the basis of its m.w. on 
gel filtration chromatography (12 to 18 kD), a steep dose- 
response curve for bone resorption in the fetal rat long- 
bone assay, heat lability, and passage through DEAE and 
CM ion-exchange columns at neutral pH and ionic 
strength In excess of 50 mM (14, 17). 

Purification of OAF in the present studies was signifi- 
cantly aided by modifying the conditions previously used 
for ion-exchange chromatography in which OAF was not 
retained on DEAE or CM gels (14, 17). We found that 
OAF could be retained on DEAE gels by using a Tris- 
glyclne buffer with a higher pH and a lower effective 
ionic strength. The combined CM adsorption-DEAE ion- 
exchange step was central to the purification protocol, as 
it yielded a 30-fold purification. 

Biochemiai characterizations of OAF by other investi- 
gators indicated that the 13 to 25 kD moiety could be 
converted to a smaller species termed "little OAF" (3.5 
kD) by dissociation in 1 M NaCl or 2 M urea (15), although 
no further biochemical characterization of "little OAF" 
was subsequently reported. Similarly, the report of the 
disassociation of OAF into a 9-kD species (16) was not 
followed by additional biochemical characterization. In 
our purification procedures, no evidence for bone resorb- 
ing activity in the low m.w. range was obtained, nor was 
the 17.8-kD molecule we isolated dissociated into lower 
m.w. species on SDS-PAGE under reducing conditions. 
Moreover, no additional peaks of bone resorbing activity 
were observed at any other chromatographic step, indi- 
cating recovery of the major molecular species with OAF 
activity. This conclusion is also supported by the high 
recovery of total OAF activity at each step in the purifi- 
cation. 

We cannot at this time, however, rule out the presence 
of additional minor mediators of bone resorption in stim- 
ulated PBMC culture supernatants. Factors with less 
than 10 to 20% of the activity of IL 10 may have been 
present but were missed by our assay procedure. To 
determine the peak of OAF activity in chromatographic 
fractions, they were tested at dilutions such that the most 
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active fraction gave a three-fourths- maximal bone re- 
sorptive response. Fractions with less than 10% of the 
activity of the major fraction would therefore be at the 
bottom of the assay dose-response curve and would not 
have had detectable activity. 

In addition to IL 10, other lymphocyte and monocyte- 
derived cytokines that could stimulate bone resorption 
might reasonably be expected to have been present in our 
starting PBMC conditioned medium. IL la and IL Iff are 
reported to have the same biologic activities in several 
systems (24, 32). However, only one-tenth as much IL la 
is produced as IL Iff by stimulated macrophages (24). 
Therefore, IL la may have been responsible for about 
10% of the OAF activity in our PBMC conditioned me- 
dium. The lymphocyte product lymphotoxin (LT) and the 
monocyte product tumor necrosis factor (TNF) have re- 
cently been shown to stimulate bone resorption (33, 34). 
These factors were reported to stimulate half-maximal 
bone resorption at about 10~ 6 M, which is about 100 
times less potent than IL Iff. Therefore, if equal amounts 
of IL 1)3, LT, and TNF were produced in lectin-stimulated 
PBMC cultures. LT and TNF would account for only about 
2 % of the total OAF activity. Transf orming growth f actors 
a and ff (35, 36) have also been reported to stimulate bone 
resorption in vitro, although their presence in iympho 
cyte/monocyte culture supernatants is unlikely, given 
their cell sources. The growth factors are also signifi- 
cantly less potent than IL Iff, having half -maximal activ- 
ities at approximately 10" 8 M. The possibility that LT. 
TNC, or other as yet unidentified factors with OAF activ- 
ity could act synergistically with IL 1 to resorb bone at 
concentrations in the range of that observed for homo- 
geneous IL 10 must still be entertained. 

Data that indicate that OAF is a T lymphocyte product 
(5, 6) appear to be contradictory to the present findings, 
which strongly support a macrophage/monocyte origin 
for the majority of OAF activity (4). However, the well- 
established requirement for macrophage synergy for OAF 
production (2, 3) suggests a "circular** pathway of stimu- 
lation in which monocytes initially facilitate T cell acti- 
vation, which in turn stimulate monocytes by production 
of interferon-7, which further activates monocytes to 
produce IL 1 (22). Alternatively, activated T cells may in 
fact elaborate lymphokines such as LT or other factors 
with OAF activity, which synergize with IL 1 to stimulate 
bone resorption at sub-nanomolar concentrations. The 
evaluation of the potential contribution of other media- 
tors with OAF activity to total bone resorbing activity 
should be facilitated by the availability of antibodies 
specific for IL la, IL-10, LT, and TNF. 
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anti-fasciclin I or anti-HRP. By contrast, unirradiated embryos 
injected with dye-labelled antibodies, or embryos injected with 
unlabelled antibodies, regardless of laser irradiation, showed 
* low defasciculation rates. No effect was seen with laser irradi- 
afion~o~f embryos injeCte^^tlrlalMle^^S A, which present s" 
the dye on a nonspecific protein that does not bind membranes. 
Similarly, there was no effect when labelled hexaalanine was 
used; this is a hydrophobic peptide that binds to membranes, 
but not specifically to proteins, thereby acting as a control for 
nonspecific damage to the membrane by CALL Thus, it is 
insufficient to have the dye present on the cell surface to cause 
defasciculation; the dye must be linked to a specific protein. 
CALl-treated embryos also had high defasciculation rates on a 
per-individual basis. Figure 3 b compares the percentage of 
defasciculated trajectories per animal in laser-treated anti-HRP 
(open bars) versus laser-treated Malachite green/ anti-HRP- 
injected embryos (filled bars). Malachite green/ anti-fasciclin I 
laser-treated embryos showed a similar distribution to that seen 
using Malachite green/anti-HRP. 

Over 80% of injected embryos survive CALL The treated limb 
buds show normal segmentation and growth, with the overall 
length of the Til axons unaffected (Table 1). The growth cones 
also appear normal; even defasciculated neurons contact 
guidepost cells, cross leg segment boundaries and show typical 
filopodial spread 12 . New neurons, such as the femoral chor- 
dotonal organ and subgenual organ 13 , are able to differentiate 
after CALL CALI. does not influence the differentiation of 
guidepost cells (n=202 limb buds from a single experiment). 
As CALI causes defasciculation without affecting other 
phenomena, Til elongation and guidance are not dependent on 
fasciculation. 

Is fasciclin I solely responsible for the axon adhesion observed 
in these experiments? Elkins et aL 14 have shown that Drosophila 
null mutations of fasciclin I have minor effects on the CNS, but 
that double mutants of fasciclin I and the Abelson tyrosine 
kinase gene show significant disruption in axonal organization. 
As CALI can indirectly inactivate a small complex in vitro (data 
not shown), it impossible that a protein closely bound to fasciclin 
I is also inactivated. Alternatively, regulatory mechanisms may 
compensate for the loss of fasciclin I in null mutations. This 
may not occur during the acute inactiyation resulting from CALL 

Cell adhesion has been difficult to demonstrate in situ during 
neuronal development because of the paucity of effective inhibit- 
ing probes, and the difficulty of controlling their action over a 
specific time interval. We have employed a novel technique to 
demonstrate the role of a specific molecule in mediating axon 
adhesion by converting a binding reagent into an inhibitor. We 
suggest that CALI could be generally applied in the functional 
inactivation of other proteins. □ 
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About five out of 1,000 patients admitted to hospital develop 
bacterial sepsis leading to shock 1 , the mortality rate for which is 
high despite antibiotic therapy 2 . The infection results in 
hypotension and poor tissue perfusion, and eventually leads to the 
failure of several organ systems. Bacterial endotoxin is thought 
to be the direct cause of shock in Gram-negative sepsis, because 
it can cause shock in animals 3 , and antibodies against endotoxin 
prevent Gram-negative shock in animals 4 and in humans 5 " 7 . But, 
the symptoms of septic shock are the result of the actions of host 
cytokines induced by the endotoxin. The cytokine interleukin-1 
has been implicated as an important mediator of septic shock 
because it can induce tachycardia and hypotension and act syner- 
gistically with tumour necrosis factor to cause tissue damage 8 and 
death 9 . We now report that a specific interleukin-1 receptor antag- 
onist reduces the lethality of endotoxin-induced shock in rabbits, 
indicating that interleukin-1 does indeed play an important part 
in endotoxin shock. 

A recombinant human interleukin-1 (IL-1) receptor antagon- 
ist (IL-lra) 10,11 that blocks the effects of iLrl in vitro has pro- 
vided a tool for determining the roie of IL-i in animal models 
of septic shock. The hypotension and leukopaenia that follow 
a single intravenous injection of recombinant human inter- 
leukin-10 (IL-10, 15 fig kg" 1 ) into anaesthetized rabbits 8 were 
blocked in a dose-dependent way by the injection of IL-lra 
shortly before IL-1 (Fig. la, b). The leukocytosis that occurs at 
later times in conscious rabbits injected with IL-10 was also 
blocked (Fig. lc). These results indicate that IL-lra should block 
the effects of endotoxin shock mediated by IL-1 in rabbits. 

Because death is a common outcome of septic shock in 
"humans, we tested theeffects of IL-lra in a model of endotoxin 
shock in rabbits, for which the mortality rate is similarly high. 
Intravenous injection of Escherichia coli endotoxin (0.5 mg kg" 1 ) 
into rabbits killed eigjit of ten animals within 48 hours (Fig. 2). 
Within the first few hours after the injection the animals' fur 
became ruffled and they became essentially immobile. The 
animals* breathing became strained and harsh noises could be 
hearc! issuing from their lungs. At autopsy, the lungs showed 
striking pathological changes; On gross examination they were 
heavy with a liver-like appearance. light microscopy revealed 
that the fine alveolar architecture was disrupted, showing 
©edematous alveolar walls and a massive accumulation of pro- 
tein and of red and white blood cells (Fig. 3a). 

By contrast, nine often rabbits receiving a total of 100 mg kg" 1 
IL-lra and the endotoxin survived the observation period of 7 
days and appeared to make a full recovery (for dosage, see Fig. 
2). These animals moved about the cage, and their fur and 
breathing appeared to be normal, although the animals were 
less lively than untreated controls. Rabbits of another group 
treated in the same way were killed after 24 hours so that their 
lungs could be examined. On gross examination, small areas of 
surface bleeding but no gross hepatization was, seen, and on 
microscopic examination, there was no evidence of the massive 
transudation and cellular infiltration seen in the group treated 
with endotoxin alone (Fig. 3b). The beneficial effects of IL-.lra 
are dose-dependent. A group of 10 rabbits treated with 
30mgkg 1 IL-lra had an intermediate level of mortality, and 
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FIG. 1 Effect of IL-lra on IL-ip-induced changes in mean arterial pressure 
and white blood cell count in anaesthetized and conscious rabbits, which 
are as sensitive to endotoxin and IL-1 as humaris 8 . Rabbits (blue chinchilla, 
2.5 kg; BomMice, Bomholtgaard Breeding and Research Center Ltd, Bomholt- 
vej 10, DK-8680; Ry, Denmark) were anaesthetized with*a single injection 
-of 4mgkg 1 xylazlrie and 10mgkg~* ketamine. Catheters (PESO) were 
placed in the left carotid artery and the superior cava! vein to allow for the 
continuous recording of the arterial and central venous pressure, IL-lp and 
IL-lra (both prepared from £ co/i and containing <0.5 U endotoxin per mg 
protein) were injected into the central venous catheter as a bolus over 
1 min. During the observation period, blood was withdrawn from the carotid 
artery catheter for white blood cell count (originally dose to 7 x 10 9 L' 1 ) 
arid .platelet counts,, and directly into EDTA for . plasma samples. Blood 
samples removed from the catheters were replaced with the same volume 
of sa|ine (-5ml over 3h). The total volume of saline administered was 
\\ per kg body weight per hour. In one series of IL-1/IL-lra experiments 
...ythe animals were allowed to wake up after the catheters were in place. 
The catheters were secured in the neck to allow repeated measurements 
of blood pressure and also sampling of blood. Rabbits received either 
15 jig kg" 1 IL-ip (O), lSM-g kg" 1 IL-10 and lmgkg" 1 iutra (•), or 
15 jig Kg 1 IL-ip and 4 mgkg 1 IL-lra (■). Rabbits injected with saline or 
with 4 mg kg^ 1 IL-lra remained haemodynamically stable and showed no 
significant change in the number of white blood cells throughout the observa- 
tion period (data not shown). 



animals given 10 mg kg 1 IL-lra had the same level of mortality 
as untreated animals (Fig. 2). 

Large doses of IL-lra were required to block the action of 
IL-1 in the IL-1- and the endotoxin- induced diseases,, despite 
the fact that IL-lra and IL-1 are expected to have similar 
affinities for the IL-1 receptor on the basis of experiments with 
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mouse cells 10 . In part this high dose indicates that more than 
50% of IL-1 binding needs to be blocked for 50% of the biological 
effects of IL-1 to be blocked. Similar effects occur with cells in 
culture 1 . But the high doses needed are also a consequence of 
the rapid equilibration and clearance of IL-lra after intravenous 
injection. In the group of animals receiving a total of 100 mg 



FIG. 2 The effect of IL-lra on the sur- 
vival rate in endotoxtn-induced shock 
in rabbits. IL-ira was injected in equal 
doses just before the injection of 
endotoxin (£ co\\ 026, B26; Sigma) and 
every 2 h thereafter for 24 h. The rab- 
bits were not anaesthetized : but were 
under constant observation for 48 h 
and were then observed during the day- 
time for up to 7 days. The animals had 
* access to water and food. Injec- 
fs and blood sampling were made 
« ifbugh the ear veins. BW, body weight 
d, days. 
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gistic effects. This conclusion is in accordance with IL-1 greatly 
potentiating the shock action of tumour necrosis factor in mice 
and rabbits 8,9 . Other cytokines may also contribute to the 
pathology of endotoxin shock. But on the basis of the current 
-results-we-conclude-that ri^l-plays-animportant part in experi- 
mental endotoxin shock in animals. It will be worthwhile inves- 
tigating whether IL-lra is of practical therapeutic benefit in 
human septic shock. q 
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FIG. 3 Microscopic appearance (magnification, 160 x) of a raDbit lung 
removed* a, immediately after death at 26 h from ah animal reviving 
endotoxin and no IL-lra; and b, 24 h after identical injection of endotoxin 
from an animal receiving 100 mg rhlL-lra per kg body weight over the first 
24 h. Rabbits were killed with pentobarbital. The tissue specimens were 
fixed in buffered (pH 7.4) 10% formalin, dehydrated and embedded in paraffin. 
The tissue samples were analysed with light microscopy with haematoxylin- 
eosin staining. 



IL-lra per kg body weight, the level of IL-lra in plasma, as 
measured by a single radial immunodiffusion assay 13 ,, varied 
from between 150 u,g ml" 1 5 minutes after each 7. 7-mg kg" 1 dose, 
and 20 u.g ml~ l 2 hours, later. These results imply that the quan- 
tity of IL-lra needed to prevent mortality would be considerably 
reduced if the circulation of the protein could be prolonged. 

To determine the time during which IL-1 acts a pathological 
agent in endotoxin shock we investigated the effects on mortality 
of delaying the treatment with IL-lra. When the standard treat- 
ment with IL-lra was delayed for 1 or 2 hours after the endotoxin 
injection, seven of the eight animals in each group survived the 
7-day period whereas three of the four animals in a group not 
treated with IL-lra died within 48 hours. These results indicate 
that IL-1 toxicity can be reversed at least 2 hours after injecting 
endotoxin. Because IL-1 seems to be a late-acting agent in 
endotoxin shock, IL-lra could have therapeutic as well as pro- 
phylactic properties in septic shock. This is especially important 
clinically, where the disease, as measured by hypotension, can 
be in progress before intervention can be initiated. Experiments 
are in progress to determine the latest time after administration 
of endotoxin at which the disease can be prevented. 

In light of earlier results implicating tumour necrosis factor 
as a mediator in endotoxin shock 14 " 17 , the demonstration that 
IL-1 is also an important mediator shows that the disease prob- 
ably results from several cytokines acting with additive or syner- 
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New ways of making antibodies have recently been demonstrated 
using gene technology. Immunoglobulin variable (V) genes are 
amplified from hybridomas or B cells using the polymerase chain 
reaction, and cloned into expression vectors. Soluble antibody 
fragments secreted from bacteria are then screened for binding 
activities (see ref. 1 for review). Screening of V genes would, 
however, be revolutionized if they could be expressed on the surface 
of bacteriophage. Phage carrying V genes that encode binding 
activities could then be selected directly with antigen. Here we 
show that complete antibody V domains can be displayed on the 
surface of fd bacteriophage, that the phage bind specifically to 
antigen and that rare phage (one in a million) can be isolated 
after affinity chromatography. 

The heavy (Vh) and light (Vl) chain variable (V) domains 
of the anti-Iysozyme antibody DL3 (ref. 2) associate tightly as 
an Fv fragment and bind to antigen with a similar affinity to 
that of the parent antibody 3 . To allow expression of both 
domains on the same polypeptide, they were joined by a flexible 
linker (Gly 4 -Ser) 3 (ref. 4), and the single-chain Fv fragment 
(scFv) cloned into an fd phage vector (fdCATl) at the N- 
terminal region of the gene III protein (Fig. 1): The gene III 
protein is normally expressed at the tip of fd phage (about four 
copies per virion), is responsible for attachment of phage to the 

t To whom correspondence should be addressed. 
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Objective: To define the influence of interleukin-l ac- 
tivity on coagulation and fibrinolytic system activation 
and the release of proinflammatory mediators in the early 
human response to severe infection. 

Study Design: All patients with severe sepsis syn- 
drome who were enrolled from two surgical centers that 
were participating in a randomized, double-blind, pla- 
cebo controlled, multicenter, multinational trial of re- 
combinant human interleukin-l receptor antagonist in 
the treatment of sepsis syndrome. 

Population: Twenty-six patients with sepsis syndrome 
. received an intravenous loading dose of recombinant hu- 
man interleukin-l receptor antagonist (100 mg) or pla- 
cebo followed by a continuous 72-hour infusion of recom- 
binant human interleukin-l receptor antagonist (1.0 [n=9] 
or 2.0 [n=8] mg/kg per hour) or placebo (n=9). 

Owte me Measure: Responses up to 72 hours after ini- 
tiation of treatment. 

Results: Plasma levels of the anaphylatoxin C3a and 



thrombin-anuthrombin III complexes were reduced in the 
high-dose recombinant human interleukin-l receptor an- 
tagonist treatment group after 72 hours (P<.05). Simi- 
larly, parameters of fibrinolysis, tissue-type plasminogen 
activator, and plasminogen activator inhibitor type 1 but 
not plasrnin-a 2 -antiplasmin complexes, were also signifi- 
candy reduced (P<.05) after 72 hours of treatment with a 
high dose of recombinant human interleukin-l receptor 
antagonist. Neutrophil elastase-o^-antitrypsin complexes 
and phospholipase A 2 levels were also significantly re- 
duced in the high-dose recombinant human interleu- 
kin-l receptor antagonist treatment group after 72 hours. 

Conclusions: The results confirm that activation of the 
coagulation and fibrinolytic systems and release of soluble 
inflammatory mediators are consistendy observed in pa- 
tients with severe sepsis syndrome. Interleukin-l activ- 
ity contributes to activation of these processes as docu- 
mented by the reduction in surrogate activation markers 
during recombinant human interleukin-l receptor an- 
tagonist treatment. 

(Arch Surg, 1995;130:739-748) 
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SEPSIS SYNDROME, character- 
ized by hypotension, vascu- 
lar collapse, and multiple or- 
gan failure, is a significant 
cause of morbidity and mor- 
tality in hospitalized patients and contin- 
ues to be an important health care prob- 
lem. It is generally accepted that this 
syndrome is caused by an excessive re- 
lease and activation of endogenous inflam- 
matory mediators in response to the infect- 
ing microorganisms. Cytokines, particularly 
interleukin-l (IL-1) and tumor necrosis fac- 
tor a (TNF-ot) , have been implicated as im- 
portant mediators in the initiation of this in- 
flammatory host response. 1 In accordance 
herewith, levels of TNF-ot and IL-10 are el- 
evated during experimental endotox- 
emia 23 as well as during septic shock in ba- 
boons 4 and humans. 3 * 5 The intravenous 
administration of tumor necrosis factor in 



animals results in shock, multiple organ fail- 
ure, and death, 6 ' 7 whereas infusion of re- 
combinant interleukin-l in rabbits 8 - 9 and pri- 
mates 10 induces similar cardiovascular 
effects. Moreover, TNF and IL-1 may syn- 
ergize in inducing hypotension, tissue in- 
jury, and death, 811 as well as in triggering 
the release of IL-6 12 * 13 and presumably IL- 
g 14-16 Tneir overlapping biological effects 
may be due, at least in part, to stimulation 
of the production of TNF by IL-1 and vice 
versa, 17,18 a situation that very likely oc- 
curs in septic shock. 12 

A number of in vitro and in vivo stud- 
ies have suggested that TNF and IL-1 
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METHODS 

PATIENTS 



Twenty-six patients were entered in this study. The selec- 
tion of patients is outlined below. The patients were part 
of a larger multicenter phase III randomized, double- 
blind, placebo-controlled study to evaluate the efficacy of 
interleuldn-1 receptor antagonist in reducing 28-day all- 
, cause mortality rate in patients with severe infection. In the 
■\r pr esent study, all patients from the Free University Hos- 
pital (Amsterdam, die Netherlands) and the New York (NY) 
Hospital who were included in the larger multicenter trial 
entered this substudy. All patients gave written informed 
consent, and the protocols were approved by the institu- 
tional review boards of each participating hospital. 

Patients were randomized, as described previously, 30 to 
one of the following treatment groups: interleukin-1 recep- 
tor antagonist, 1.0 mg/kg per hour (n=9); interleukin-1 re- 
ceptor antagonist, 2.0 mg/kg per hour (n=£); or placebo (ve- 
hicle; n=9). These groups are designated below as the low- 
dose, the high-dose, and the placebo groups, respectively. The 
treatment regimen in both interleukin-1 receptor antagonist 
treatment groups was initiated with a 1-minute intravenous 
bolus of 100 mg of interleukin-1 receptor antagonist in 10 mL 
of 0.9% sodium chloride solution or an equivalent volume of 
vehicle in 10 mL of 0.9% sodium chloride solution in the pla- 
cebo group. Thereafter, interleukin-1 receptor antagonist was 
achriinistered by continuous intravenous infusion for 72 hours 
in 0.9% sodium chloride solution infusion bags at an infusion 
rate of 12 mL per hour. All patients received standard inten- 
sive care support, including intravenous administration of flu- 
ids, cardiovascular and respiratory support, and administra- 
tion of appropriate antimicrobial agents, and they could un- 
dergo surgery when indicated. All patients started with the 
assigned treatment within 24 hours after the diagnosis of sep- 
sis syndrome was made. Prior to the start of the interleukin-1 
receptor antagonist or placebo infusion, data were collected 
for calculation of the Acute Physiology and Chronic Health 
Evaluation (APACHE III) score according to the methods of 
Knaus et al 31 to demonstrate that severity of illness was simi- 
lar among treatment groups. 

SELECTION OF PATIENTS 

Inclusion criteria of the multicenter trial were as follows: 
(1) clinical evidence to support a presumptive diagnosis 
of sepsis syndrome of a presumed infectious origin; (2) fe- 
ver or hypothermia (core temperature greater than or equal 
to 38°C or less than or equal to 36°C); (3) tachycardia (>90 
beats per minute); (4) tachypnea (5:20 breaths per minute) 
or requirement of mechanical ventilation; and (5) either 
hypotension (systolic blood pressure of 90 mm Hg or less, 
mean arterial pressure of 70 mm Hg or less, a decrease in 
systolic blood pressure of 40 mm Hg or greater, the need 
for vasopressors [except dopamine administered at a dos- 



age of less than .5.0 |ig/kg per minutej to stabilize blood 
pressure in the presence of adequate fluid resuscitation), 
or any two or more of the following signs of organ dys- 
function and/or inadequate perfusion: (a) acute deteriora- 
: don in mental status (in the absence of sedative hypnotic 
drugs or other therapeutic agents with central nervous sys- 
tem depressant effects); (fr) arterial hypoxemia (PaOj of 75 
mm Hg or less or a PaOj-fraction of inspired oxygen ratio 
of 250 or less); (c) metabolic acidosis (pH =s 730 or base 
deficit of 5.0 mEq/L or greater) or increased plasma lactic 
acid concentration; (d) oliguria (urine output of 0.5 ml/kg 
per hour or less); (e) coagulation abnormalities (prothrom- 
bin time or partial thromboplastin time of greater than or 
equal to 1.2 times the upper limit of normal); (f) throm- 
bocytopenia (<100X 107L or a decrease of 50% or more); 
(g) cardiac index greater than 4.0 Umin per square meter 
with systemic vascular resistance less than 800 dynes-sec-cm 5 
in the presence of adequate fluid resuscitation. All criteria 
had to have been met in 24 hours or less prior to treat- 
ment 

Patients meeting any of the following criteria were not 
eligible to participate: age of 18 years or younger, preg- 
nancy; weight greater than 1 00 kg; evidence of nonseptic car- 
diogenic shock or a source of uncontrollable severe blood 
loss; severe, preexisting, parenchymal liver disease with clini- 
cally significant portal hypertension; anuria (<50 mL of urine 
output per day); experiencing rejection of solid organ or bone 
marrow transplantation; current immunocompromised con- 
dition (including but not limited to corticosteroid admin- 
istration {SLO mg/kg per day of prednisone or equiva- 
lent], chemotherapy, or radiation) or a disease sufficiently 
advanced to suppress resistance to infection (including but 
not limited to leukemia, lymphoma, acquired immunode- 
ficiency syndrome, and known human immunodeficiency 
virus seropositivity) ; full-thickness thermal or chemical burn 
involving 30% or more of total body surface area; receipt of 
an investigational new drug within the previous 30 days; non- 
resuscitation agreement; or presence of an irreversible, rap- 
idly fatal underlying disease or injury. 

DRUGS 

Human recombinant interleukin-1 receptor antagonist 
(Anakinra, Synergen Inc, Boulder, Colo) was provided in 
a sterile solution (vehicle) of pH 6.5 that contained so- 
dium chloride, trisodium citrate, disodium citrate, citric acid, 
edetate disodium, polysorbate 80, and sterile water. As a 
placebo, the vehicle was used. 

BLOOD COLLECTION 

For the present study, blood samples were only taken dur- 
ing the time that treatment with interieukin-1 receptor an- 
tagonist or placebo was given (72 hours). Thus, although 
patients were followed up for 28 days, the evaluation pe- 
riod for the present study was considered to be 72 hours. 
Blood samples were obtained through the patient's arte- 



exert their influence during sepsis via the induction of 
other mediators such as IL-6 and IL-8, arachidonic acid 
metabolites, and platelet activating factor. These proin- 
flammatory cytokines also induce activation of coagula- 
tion and fibrinolysis pathways and induce activation of 
neutrophils. 8 Jmw* j t -has yet tQ be determined to what 



extent TNF-ot and IL-1 contribute to the pathogenesis 
of the sepsis syndrome in humans, either directly or via 
induction of other inflammatory mediator species. 

Recendy, a recombinant human antagonist of IL-1 
receptors became available for use in clinical stud- 
ies. 26 - 27 This interleukin-1 receptor antagonist binds to 
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rial line and were collected in 10-mL siliconized tubes that 
"contained 3.8% wt/Vol sodium citrate or 150 U of heparin 
sodium. The blood samples were taken shortly before and 
at 4, 12, 24, 48, and 72 hours after the start of the treat- 
ment regimen. After collection, they were immediately stored 
in ice to prevent activation of the complement system: 
Plasma was obtained by centrifugation of blood for 15 min- 
, utes at 1300g. All plasma samples were stored in aliquots 
: at -70°C until tested. 

ASSAYS ' 

Plasma TNF-a and 1L-Ip levels were measured by stan- 
dard enzyme-linked immunosorbent assay (EUSA) tech- 
niques, as reported elsewhere. 32 * 33 The sensitivity of these 
assays is 34 and 8 pgfrnL, respectively. 

The concentration of IL-6 in plasma was quantified 
with an EUSA modified from that described in detail be- 
fore. 34 Briefly, purified monoclonal anti-interleukin-6 an- 
tibody (mAb CLB-1L6716) was used as a capture antibody, 
andbiotinylated sheep antibodies in combination with strep- 
tavidin-polymerized horseradish peroxidase conjugate (CLB 
Department of Immune Reagents, Amsterdam) were used 
to detect bound IL-6. Results were expressed as pro- 
grams per milliliter by reference to a standard consisting 
. of recombinant human IL-6. 35 The lower detection limit of 
this assay was 5 pg of IL-6 per milliliter of plasma. 

Interleukin-8 was measured with a sandwich EUSA 
modified from that described previously 36 : monoclonal anti- 
interleukin-8 antibody (mAb CLB-IL8/1) and biotinylated 
affinity-purified sheep anti-interleukin-8 antibodies were 
used as capture and detecting antibodies, respectively. Po- 
lymerized horseradish peroxidase conjugated to streptavi- 
din was used to quantify bound biotinylated antibodies. Re- 
sults were compared with those obtained with dilutions of 
recombinant human IL-8 and expressed as picograms per 
milliliter. The lower detection limit of this assay was 
5 pgfinL. 

The anaphylatoxin C3a in plasma was measured by a 
radioimmunoassay as previously described. 37 

Thrombin-antithrombin 1II (TAT) complex levels were 
determined with a novel EUSA. In this assay, monoclonal 
antibody TR3 against human thrombin and prothrombin 
was used to catch TAT complexes from samples to be tested. 
Bound complexes were detected using biotinylated mono- 
clonal antibody ATII1-0 (CLB Department of Immune Re- 
agents) in combination with streptavidin-polymerized horse- 
radish peroxidase. Results of this EUSA were expressed as 
nanograms per milliliter by reference to a standard con- 
sisting of pooled human serum. (The amount of TAT com- 
plexes in this in-house standard was assessed using a com- 
mercial ELISA for TAT complexes [Behringwerke AG, 
Marburg, Germany]). The lower limit of detection of this 
assay was 1 to 2 ng of TAT complexes per milliliter. Nor- 
mal values (ie, obtained from a panel of normal donors) 
were less than 4 ng/mL. Comparison of levels in plasma 
samples from patients with varying levels of TAT com- 



plexes (from normal to greater than 1000 ng/mL) ob- 
tained with this novel assay for TAT complexes with those 
measured by a commercial assay (Behringwerke) yielded 
an excellent correlation (r=.99, n=23). 

Tissue-type plasminogen activator (t-PA) concentra- 
tions in plasma were measured with a previously de- 
scribed sandwich EUSA 38 and plasmm-a 2 -antiplasmin 
(PAP) complex levels were measured with a previously de- 
scribed radioimmunoassay. 39 

: Plasminogen activator inhibitor type J (PAI-1) levels 
were assessed with an EUSA that had been modified from 
a sandwich-type radioimmunoassay as described in detail 
before. 40 In short, monoclonal anti-PAI-1 antibody (mAb 
CLB-2C8) was used as the coating antibody and biotinyl- 
ated polyclonal rabbit anti-PAI-1 antibodies as the conju- 
gate. Results were expressed as nanograms per milliliter by 
reference to a standard curve of human PAI-1. This assay 
had a lower detection limit of 5 ng/mL. 

Neutrophil elastase-ax-antitrypsin complexes were de- 
termined with a radioimmunoassay as described in detail 
before. 41 

Phospholipase A 2 concentrations in plasma were de- 
termined with an EUSA that had been modified from that 
of Smith et al. 42 Monoclonal antibodies against human se- 
cretory PLA 2 type II (sPIAj) were used as the coating and 
catching antibodies. Results were compared with those ob- 
tained with cultured medium from Hep G2 cells stimu- 
lated with human interleukin-6. 40 The amount of PLA 2 in 
this cultured medium was assessed by comparison with pu- 
rified recombinant human sP1A z . The lower limit of de- 
tection in this assay was 1 ng/mL; the mean±SEM normal 
value as assessed in 19 healthy volunteers was 20 ±7 ngfmL 
(range, 9 to 30 ng/mL). 

All of the above assays exhibited interassay variation 
coefficients ofless than 15%, as was estimated from the varia- 
tion of dose-response curves obtained on at least 3 differ- 
ent days over a 3-month period. To minimize interassay 
variation, all samples were tested within one assay proce- 
dure. 

STATISTICAL METHODS 

The data are expressed as means ±SEMs. Factorial analy- 
sis of variance (ANOVA) was used for comparison of 
APACHE III scores and demographic data between groups. 
An ANOVA for repeated measures was used to assess sig- 
nificant changes in variables in the course of the observa- 
tion period. The nonparametric Mann-Whitney 17 test was 
used to determine the significance of the differences be- 
tween groups. The Wilcoxon rank sum tesi was used to as- 
sess the differences within groups between baseline levels 
and those at subsequent time points. For all tests, a two- 
tailed P value less than .05 was considered statistically sig- 
nificant. The analysis was performed using a commercial 
statistical package (Stat-View, Abacus Concepts Inc, Berke- 
ley, Calif) on a Macintosh computer (Apple Computer Inc, 
Cupertino, Calif). 



( ■ both types of IL-1 receptors with the same affinity as IL-1 
but does not induce signal transduction, lnterleukin-1 
receptor antagonist has been useful in evaluating the in- 
fluence of IL-1 on secondary mediator systems and physi- 
ologic measures of experimental sepsis. In a primate model 
of lethal septic shock, administration of interleukin-1 re- 



ceptor antagonist improved survival and hemodyriamic 
performance and reduced IL-6 levels without affecting 
circulating TNF concentrations. 28 Moreover, adminis- 
tration of interleukin-1 receptor antagonist abrogated ag- 
gregation of neutrophils and lung injury in endotqxin- 
induced 9 and Escherichia coli-induced shock 29 in rabbits. 
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In the present study, we tested the hypothesis that 
IL-1 may contribute to the activation of other mediator 
systems such as the complement, coagulation, and fibri- 
nolytic cascades in human sepsis. We also sought to evalu- 
. ate the role of IL-1 on neutrophil activation and the re- 
lease of both arachidonic acid metabolites, IL-6 and IL-8. 
For this purpose, we prospectively analyzed the course 
of the plasma levels of these mediators during selective 
inhibition of IL-1 in patients with sepsis syndrome who 
were enrolled in a phase III study to evaluate the effi- 
cacy and safety of interleukin-1 receptor antagonist The 
clinical results of this trial have been reported previ- 
ously. 30 Our results indicate that clinical administration 
over a period of 72 hours of a large molar excess of in- 
terleukin-1 receptor antagonist relative to interleukin-1 
that is sufficient to block nearly all the IL-1 receptors at- 
tenuated activation of the complement, coagulation, and 
fibrinolytic systems. Furthermore, such intervention re- 
duced the levels of IL-6, neutrophil elastase, and phos- 
pholipase A 2 (PLA 2 ) in patients with sepsis, suggesting 
that IL-1 activity contributes to the appearance of these 
inflammatory mediators during human infection. 



RESULTS 



PATIENTS 

The three patient groups accrued from these two insti- 
tutions were balanced for APACHE III scores at study en- 
try (Table 1 ) (P=.86). In addition, when the groups were 
compared for distribution of age and gender, no signifi- 
cant differences were observed. The diagnoses on admis- 
sion to the intensive care units (all patients undergoing 




*No significant differences were observed between groups, as 
determined by analysis of variance. APACHE Hi indicates Acute Physiology 
and Chronic Health Evaluation. Values are means±SEMs. 

Uow-dose group was administered lnterteukin-1 receptor antagonist at 
a rate of 1 mg/kg per hour; high-dose group, 2 mg/kg per hour. 

^According to the methods of Knaus et at. 31 



surgery) were the following: intra-abdominal infection 
(n=6); bowel infarction (n=3); pancreatitis (n=3); pneu- 
monia (n=3); gastrointestinal tract perforation and peri- 
tonitis (n=2); multiple trauma, including intra- 
abdominal lesions (n=2); gastrointestinal tract bleeding 
(n=2); abdominal aortic aneurysm, ruptured or infected 
(n=2); leg amputation (n=l); necrotizing fascitis and cel- 
lulitis (n=l); pelvic abscess (n=l); cholangitis (h=l); sys- 
temic infection of unknown origin (n=l); and Une sep- 
sis (n=l). The three treatment regimens were randomly 
distributed within the more frequent disease categories. 

PLASMA LEVELS OF TNF-a AND IL-10 

Plasma levels of TNF-a were undetectable except in a few 
patients who had detectable TNF-a concentrations at only 
one time point. Similarly, IL-10 was only randomly de- 
tected in the plasma among treatment groups, and such 
levels were near the detection limit of this assay. Be- 
cause of the low incidence of detectable TNF-a and IL-1 0 
levels, neither calculations of means nor statistical analy- 
sis of the above data was performed. 

EFFECT OF IL-1 RECEPTOR BLOCKADE 
ON PLASMA LEVELS OF IL-6 AND IL-8 

The baseline levels (t=0 hours) of IL-6 (Table 2) were 
not statistically significandy different between groups 
(P=.6). In the placebo group, IL-6 levels remained un- 
changed during the observation period, whereas admin- 
istration of interleukin-1 receptor antagonist at either 1.0 
or 2.0 mg/kg per hour resulted in a progressive decrease 
of IL-6 plasma levels over 72 hours, lnterleukin-6 levels 
in the low-dose and high-dose groups were below the lev- 
els of the placebo group from t=24 hours and £=48 hours 
onward, respectively (data not shown), and remained 
lower until the end of the treatment period (Table 2) . Dif- 
ferences between the groups were not statistically sig- 
nificant at any time point. When the course of IL-6 within 
each group was considered, both interleukin-1 receptor 
antagonist treatment groups but not the placebo group 
showed a significant decrease from t=4 hours onward com- 
pared with their respective baseline values. In the high- 
dose group, this decrease was highly significant at t=4 
hours, t=12 hours, and t=24 hours (Table 3). 

Baseline levels of IL-8 were higher in the high-dose 
group than those of the low-dose and placebo groups, 
although this difference did not reach statistical signifi- 



•Values are mean±SEM plasma concentrations of interieukln-6 (IL-6) and IL-8 at study entry (X=0) and after a 72-hour Infusion period (\=72). No 
significant differences were observed between groups. 
^Low-dose group was administered interleukin-1 receptor antagonist at a rate of 1 mg/kg per hour; high-dose group, 2 mg/kg per hour. 
tSignificant difference (P<,05) within group between 1=0 and \=72. 
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Figure 1. Interieukin-1 receptor blockade and complement activation: 
mean±SEM plasma concentrations of C3a during a 72-hour infusion 
period in placebo and low-dose (1 mg/kg per hour) and high-dose (2 
mg/kg per hour) interieukin-1 receptor antagonist groups. Significant 
differences between the placebo group and the high-dose interieukin-1 
receptor antagonist group are Indicated by an asterisk (P<.05) or double 
asterisks (P<.01), and those between low-dose and high-dose 
interieukin-1 receptor antagonist groups are indicated by a dagger 
(P<.05) (Mann-Whitney U test). 



EFFECT OF IL-1 RECEPTOR BLOCKADE 
ON COMPLEMENT ACTIVATION 



* Baseline levels (\=Q) are the values before the start of the infusion. 
Differences within groups were determined using the Wilcoxon rank sum 
test The low-dose gmup was administered interieukin-1 receptor 
antagonist at a rate of 1 mg/kg per hour; high-dose group, 2 mg/kg per 
hour. IL indicates interieukin; ELAST-arAT t neutrophil 
elastase-cLrantitrypsm; PAP, plasmin-vrantiplasmln; TAT, 
thrombin-antithrombin III; t-PA; tissue-type plasminogen, activator; PAH, 
plasminogen activator inhibitor type 1; $PLA h secretory phospholipase A* 
and ellipses, not significant 

t Significant increased. 

^Significantly decreased. 



cance (high dose vs placebo, P=.6; high dose vs low dose, 
P=.3) (Table 2). Interleukin-8 levels in both interleu- 
kin-1 receptor antagonist treatment groups were below 
those of the placebo group from t=48 hours onward and 
remained at these levels until the end of the treatment 
period (Table 2). However, there was no statistically sig- 
nificant difference between the interleukin-1 receptor an- 
tagonist treatment groups and the placebo group at any 
time point. In the placebo group, a modest decline in IL-8 
level was observed at 12 to 24 hours, after which, values 
returned to baseline levels (data not shown). Compared 
with the placebo group, the decline in the low-dose group 
was protracted for at least 48 hours, but this difference 
/ \ did not reach statistical significance (Table 3). In con- 
trast, a significant decrease in IL-8 levels compared with 
baseline values was found in the high-dose group at t=4 
hours and t=24 hours (Table 3). 



Plasma levels of C3a were assessed to estimate the ex- 
tent of complement activation in the treatment groups. 
Baseline levels of the placebo, low-dose, and high-dose 
groups were comparable (22.0±3.6, 28.1 ±5.0, and 
22.9±5.5 nmol/L, respectively). In the placebo group, a 
modest increase in circulating C3a levels was observed 
during the 72-hour period after the infusion had started 
(Figure 1 ). This increase was significant compared with 
baseline values at t=12 hours (P<.05; Table 3). In the 
low-dose group, levels of C3a gradually declined and 
tended to be less than those in the placebo group from 
t=4 hours onward. However, neither this difference nor 
the decrease compared with baseline values was statis- 
tically significant. In contrast, the C3a levels in the high- 
dose group declined over time, achieving a significant dif- 
ference compared with baseline values at £=24 hours and 
t=72 hours (Table 3). Compared with the placebo group, 
levels of C3a were significandy lower in the high-dose 
group at t=24 hours, t=48 hours, t=72 hours (P<.05, 
P<.05, andP<.01, respectively; Figure 1). At t=72 hours, 
the high-dose group showed a significant decrease com- 
pared with the low-dose group (P<.05), which suggests 
a dose-dependent effect of interleukin-1 receptor antago- 
nist on diminishing circulating C3a levels. 

IL-1 RECEPTOR BLOCKADE 
AND THE COAGULATION SYSTEM 

Levels of plasma TAT were measured to assess the acti- 
vation of the coagulation system. Baseline values were 
only moderately elevated in the placebo and low-dose 
groups, whereas a higher baseline value was observed in 
the high-dose group. At t=0 hours, three of eight pa- 
tients in the high-dose group demonstrated higher lev- 
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Figure 2. lnterfeukin-1 receptor blockade and the coagulation system: 
mean±SEM plasma concentrations of thrombin-antithrombin III (TAT) 
complexes during a 72-hour infusion period In placebo and low-dose (1 
mg/kg per hour) and high-dose (2 mg/kg per hour) interieukfn-1 receptor 
antagonist groups. 

els of TAT complexes when compared with patients in 
both other groups (Figure 2). However, the differ- 
ences between baseline levels of the groups were not sta- 
tistically significant, nor were the differences at subse- 
quent time points. In the high-dose group, a highly 
significant decline from baseline values was noted at t=4 
hours and thereafter (Table 3), reaching TAT levels be- 
low those measured in the placebo group 48 hours after 
start of the infusion (Figure 2). 

IL-1 RECEPTOR BLOCKADE 
AND THE FIBRINOLYTIC SYSTEM 

Plasma levels of t-PA and its main inhibitor, PAI-1, and 
PAP complexes were measured to assess the effect of IL-1 
receptor blockade on fibrinolytic system activation 
(Figure 3). Baseline levels of t-PA and PAP complexes 
in all three patient groups were comparable (Figure 3, 
top and bottom). In the placebo group, levels of t-PA did 
not change during the observation period but were only 
moderately elevated. Following infusion with interleu- 
kin-1 receptor antagonist, a gradual decline of t-PA lev- 
els was noted in the low-dose group, whereas the high- 
dose group showed a rapid decline that reached the 
detection limit of the assay within t=48 hours (Table 3 
and Figure 3, top). 

Activation of fibrinolysis was observed in the pla- 
cebo group, and PAP complex levels increased during the 
observation period (Figure 3, bottom). These levels were 
significandy increased above baseline values at t=12 hours, 
f=48 hours, and t=72 hours (P<.05, P<.05, and P<.01, 
respectively) (Table 3). Although an initial increase in 
PAP complex levels also was observed in both interieu- 
kin-1 receptor antagonist treatment groups, this in- 
crease did not continue during the 72-hour observation 
period, as was noted in the placebo group (Figure 3, bot- 
tom). However, no significant differences were noted at 
any time point between groups. 

All three study groups demonstrated a decline in 
PAl-1 levels during the observation period (Figure 3, cen- 



ter). In the placebo and low-dose groups, levels of PAI-1 
gradually decreased from baseline values but never 
reached a statistically significant difference from base- 
line. In contrast, the high-dose group demonstrated a sig- 
nificant decline in PAI-1 levels that was noted within 24 
hours and onward (Table 3). This decline coincided with 
that of the t-PA levels in this group. In the placebo group, 
levels of PAI-1 tended to decrease, whereas t-PA levels 
remained unchanged. 

For all measured parameters of fibrinolysis, the lev- 
els tended to be lower in the high-dose interleukin-1 re- 
ceptor antagonist group than in the low-dose group, which 
suggests a dose-dependent effect of interleukin-1 recep- 
tor antagonist on the reduction of fibrinolytic system ac- 
tivation. ■';-';? 

EFFECT OF IL-1 RECEPTOR BLOCKADE 
ON NEUTROPHIL ACTIVATION 

Neutrophil elastase-a r anti trypsin complexes were also 
measured to assess neutrophil activation in these pa- 
tients. Levels of neutrophil elastase-ai-antitrypsin gradu- 
ally declined in both interleukin-1 receptor antagonist 
treatment groups, notably within 24 hours after the on- 
set of the infusion. In the high-dose group, a significant 
decrease in neutrophil elastase-ot r antitrypsin levels was 
observed at £=72 hours compared with baseline values 
(P<.05) (Table 3). By contrast, the levels of neutrophil 
elastase and antitrypsin remained unchanged in the pla- 
cebo group (Figure 4). 

IL-1 RECEPTOR BLOCKADE 
AND PLASMA LEVELS OF PLA 2 

The activity of phospholipase A 2 is suggested to be the 
rate-limiting step in the biosynthesis of arachidonic acid 
metabolites. 43 Therefore, levels of sPLA 2 were measured 
to estimate the in vivo effect of IL-1 receptor blockade 
on the formation of proinflammatory lipid mediators. 
Baseline levels of sPLA 2 were comparable between all three 
groups (Figure 5). The levels of sPLA 2 remained un- 
changed during the 72-hour observation period in the 
placebo group, whereas those in the low-dose and high- 
dose groups declined significandy from baseline values 
from 24 hours onward (Table 3). In the high-dose group, 
the levels were significandy lower at two time points 
(P<.05) when compared with those in the placebo group 
(Figure 5). 



COMMENT 



The cytokines TNF-ct and IL-1 are presumed to initiate 
many aspects of the systemic inflammatory response via 
activation of various mediator systems. However, the rela- 
tive contribution of TNF-d and IL-1 to this host re- 
sponse remains unclear. The relative role of IL-1 as a proxi- 
mal signal in this process was investigated by serially 
evaluating plasma levels of purported IL-l-inducible in- 
flammatory mediators in patients with sepsis syndrome 
during infusion of a low or high dose of interleukin-1 
receptor antagonist. During such interleukin-1 receptor 
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Figure 3. /nterteukln-1 receptor blockade and the fibrinolytic system: 
mean±SEM plasma concentrations of tissue-type plasminogen activator 
(t-PA) (top), plasminogen activator inhibitor type 1 (PAl-1) (center), and 
plasmin-arantiptasmin (PAP) (bottom) complexes during a 72-hour 
infusion period In placebo and tow-dose (1 mg/kg per hour) and high-dose 
(2 mg/kg per hour) Interleukin-1 receptor antagonist groups. Significant 
differences between placebo and respective fnterleukin-1 receptor 
antagonist treatment groups are indicated by an asterisk (P<.05), double 
asterisks (P<.005), and triple asterisks (?<.001) (Mann-Whitney U test). 



f ^tagonist treatment, levels of IL-6 and, to a lesser ex- 
V _>Wf were significantly reduced compared with lev- 
els prior to intervention. The levels of such secondary 
mediators in the placebo group remained unchanged. It 
was similarly observed that measures of the comple- 
ment, coagulation, and fibrinolytic system activation also 



declined in interleukin-1 receptor antagonist-treated pa- 
tients without a comparable reduction in the placebo 
group. Finally, levels of neutrophil elastase and soluble 
PLA 2 also decreased during the 72-hour treatment pe- 
riod, particularly in the high-dose interleukin-1 recep- 
tor antagonist treatment group. 

Although a limited number of patients were stud- 
ied, the levels of inflammatory mediators of the three pa- 
tient groups were comparable at the time of study entry. 
Although the mean baseline levels in the high-dose group 
were higher than those in the low-dose or placebo groups 
for six of nine measured variables, further comparisori 
of initial APACHE III scores as well as demographic data 
revealed an equal distribution of these variables among 
the three study groups. 

Changes in secondary mediator levels over time were 
most prominent in the high-dose interleukin-1 receptor 
antagonist group. For those parameters in which a re- 
duction in secondary molecules was noted, this gener- 
ally occurred to a greater extent in the high-dose inter- 
leukin-1 receptor antagonist group, further suggesting 
a dose-dependent influence of interleukin-1 receptor an- 
tagonist treatment. This trend was further supported by 
the course of changes in inflammatory mediator levels 
following completion of the 72-hour interleukin-1 re- 
ceptor antagonist treatment period. Plasma samples were 
also obtained 24 hours after the planned discontinua- 
tion of interleukin-1 receptor antagonist infusion in 16 
patients. At this time point, several levels of inflamma- 
tory mediators increased in patients treated just prior with 
interleukin-1 receptor antagonist: IL-6 (five of nine pa- 
tients), IL-8 (four of 10), C3a (five of nine), TAT (three 
of 10), and PAP (four of 10). This occurred despite the 
fact that a progressive decrease in the levels of these vari- 
ables had been observed in all these patients in the pre- 
ceding 48 to 72 hours. By contrast, none of the patients 
in the placebo group (n=5) sampled at this time point 
demonstrated change in measured variables (data not 
shown). 

The detection of circulating IL-1 pin patients with 
sepsis has been noted in up to 37% of patients with sep- 
sis, 3 * 5 - 44 ' 46 and such results may be influenced by the as- 
say methods. 47 A very low incidence of detectable IL-ip 
was observed in our study. This may be because we col- 
lected the initial blood sample just prior to the start of 
treatment (12 to 24 hours after admission to the inten- 
sive care unit). This may also explain why TNF-ot was 
also seldom detected. In patients with sepsis, TNF-a is 
rapidly elimmated from the circulatory system. 46 The cur- 
rent study underscores the concept that a lack of detec- 
tion of IL-1 (J in the plasma may not reflect activity at the 
tissue level 

Numerous studies have implicated a key role for IL- 1 
in the activation and release of various inflammatory me- 
diators, either direcdy or via the induction of IL-6 and 
other cytokines. 13,16,17,48 In accord with the stimulating 
effect of exogenous interleukin-la on the release of IL-6 
observed in nonhuman primates, 10 IL-1 receptor block- 
ade attenuated circulating levels of IL-6 during human 
sepsis. In addition, plasma IL-6 responses to lethal E coli 
shock are significandy diminished by interleukin-1 re-; 
ceptor antagonist treatment in baboons. 28 Earlier phase 
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Figure 4. Interieukin-1 receptor blockade and neutrophil activation: 
mean±SEM plasma concentrations of neutrophil elastase-arantitrypsin 
complexes during a 72-hour infusion period in placebo and low-dose (1 
mg/kg per hour) and high-dose (2 mg/kg per hour) interleukin-1 receptor 
antagonist groups. 




Figure 5. Interieukin-1 receptor blockade and phospholipase A 2 : 
mean±SEM plasma concentrations of secretory phospholipase A 2 (sPLAz) 
during a 72-hour infusion period in placebo and tow-dose (1 mg/kg per 
hour) and high-dose (2 mg/kg per hour) interleukin-1 receptor antagonist 
groups. Significant differences between the placebo and high-dose 
interieukin-1 receptor antagonist treatment groups are indicated by an 
asterisk (P<.05) (Mann-Whitney U test). 



II results also demonstrated a dose-proportional reduc- 
tion of IL-6 levels during interleukin-1 receptor antago- 
nist treatment. 419 This effect may well be of clinical im- 
portance because increased IL-6 levels have been found 
to predict a fatal outcome in patients with sepsis syn- 
drome. 44 * 50 - 51 To what extent this reduction in IL-6 lev- 
els exerts a direct influence on other mediator systems 
remains to be detennined. 

Neutrophil activation and migration 52 is influenced 
by IL-8, and levels of this cytokine increase during intra- 
venous administration of interleukin-lct in primates 14 and 
are also elevated during human sepsis. 36 In accordance with 
the lack of significant reduction in IL-8 levels during in- 
terleukin-1 receptor antagonist treatment in the present 
study, Fischer et al 28 observed no effect of IL-1 receptor 
blockade on circulating levels of IL-8 in baboons with sep- 



sis; No data are available on the role of IL-1 in the induc- 
tion of IL-8 in patients with clinical sepsis, and our data 
provide no evidence to suggest a significant role for IL-1 
in the appearance of IL-8 during sepsis. Interestingly, how- 
ever, interleukin-1 receptor antagonist treatment did pro- 
duce a decrease in levels of circulating neutrophil elastase 
(complexed to ax-antitrypsin), which suggests dimin- 
ished activation and degranulation of neutrophils. In agree- 
ment herewith, in rabbits challenged with endotoxin or E 
colt, neutrophil aggregation in lung tissue was reduced by 
interleukin-1 receptor antagonist treatment 9 - 29 In vitro stud- 
ies have shown that iriterleukin-1 receptor antagonist can 
bind to type II IL-1 receptors on human neutrophils, 53 
whereas the ex vivo experiments of Fasano et al 25 have dem- 
onstrated an increased expression of IL-1 receptors in pa- 
tients with sepsis syndrome. 25 Thus, our results suggest that 
IL-1 is involved in neutrophil activation in patients with 
sepsis syndrome. 

Complement activation during severe infection is gen- 
erally considered to result from a direct interaction of 
complement proteins with bacteria. A complement acti- 
vation mechanism induced by IL-1 has yet to be de- 
scribed. However, evidence for the existence of a cytokine- 
inducible pathway has been provided by evaluation of the 
complement system in patients with cancer who received 
immunotherapy with recombinant interleukin-2. In these 
patients, administration of recombinant interleukin-2 
yielded a dose-dependent increase in plasma levels of C3a, 
indicating activation of the complement system. 54 This 
complement activation was presumed to be an indirect ef- 
fect of recombinant interleukin-2 administration, prob- 
ably via the induction of other cytokines, because in vitro 
recombinant interleukin-2 did not activate the comple- 
ment system. 54 De Boer et al 55 found a biphasic activation 
pattern of complement activation in baboons challenged 
with live E coli, the second phase starting 4 to 6 hours af- 
ter the challenge, at which time the infused microorgan- 
isms had been cleared from the circulatory system. In the 
present study, we observed a dose-dependent reduction 
in circulating C3a levels during interleukin-1 receptor an- 
tagonist infusion, which suggests that an endogenous ac- 
tivation mechanism of complement by IL-1 may occur in 
patients with severe infection. As neutrophilic protein- 
ases are able to cleave complement factors, 56 the effect of 
IL-1 on the activation and degranulation of neutrophils 
may be significant in this respect It is noteworthy that ac- 
tivation of the complement system, as reflected by el- 
evated plasma levels of C3a and-C4a, correlates with a fa- 
tal outcome in patients with sepsis. 57 Thus, reduction of 
complement activation via inhibition of IL-1 may be of clini- 
cal importance. 

Disseminated intravascular coagulation is a major com- 
plication of sepsis and results from disturbances of the he- 
mostatic balance of the vascular endothelium. Following 
endothelial damage, the coagulation system in plasma is 
activated. This system consists of two cascades, ie, the ex- 
trinsic or tissue factor pathway and the intrinsic pathway 
or contact system of coagulation. Activation of the coagu- 
lation system via either route can be quantified by assess- 
ment of plasma levels of thrombin complexed to its spe- 
cific inhibitor, antithrpmbin III (TAT complexes). This 
coagulative response is accompanied by a biphasic change 
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in the fibrinolytic system involving initial stimulation and 
subsequent inhibition of plasminogen activation 58 * 59 as mea- 
sured by plasma levels of plasminogen complexed to its in- 
hibitor, a 2 -antiplasmin (PAP complexes). In both experi- 
mental endotoxemia and septic shock, activation of 
fibrinolysis is evident by an early increase in t-PA activity 
followed by a decline that is coincident with the appear- 
ance of the main inhibitor of t-PA (PAI-1). 59,60 A similar 
pattern has been demonstrated following a TNF chal- 
lenge in healthy volunteers: the coagulative response is fa- 
vored as the fibrinolytic response is inhibited after its ini- 
tial increase. 2 ?* 21 lnterleukin-1 receptor blockade markedly 
attenuated activation of coagulation in our patients, as was 
evident from the course of TAT complexes. These results 
are in agreement with in vitro data demonstrating that 1L- 1 
enhances tissue factor expression on human endothelial 
cells, 61 thereby inducing activation of the extrinsic path- 
way of coagulation. Furthermore, cultured endothelial cells 
release PAl-1 in response to TNF and IL-1. 23 - 62 

The increase of PAI-1 levels in human sepsis is fur- 
ther documented by our data, which also suggest that IL-1 
also stimulates activation of the fibrinolytic system by in- 
ducing the release of t-PA and the activation of plasmino- 
gen. Conversely, both TNF and IL-1 diminish the secre- 
tion of t-PA by cultured human endothelial cells. 23 62 Thus, 
the in vivo behavior of TNF in human volunteers as well 
as our data illustrate a discrepancy between in vitro re- 
sults and the in vivo situation. Alternatively, thrombin po- 
tendy induces the release of t-PA and PAI-1. 63 As interleu- 
kin-1 receptor antagonist treatment induced decreased 
circulating TAT complex levels, the decreased release of 
t-PA and its inhibitor also may have been due to a dimin- 
ished thrombin formation following interleukin-1 recep- 
tor antagonist infusion. 

Arachidonic 'acid derivatives (eicosanoids), such as 
thromboxane A 2 , leukotrienes, and prostaglandins, have 
potent effects on platelets and neutrophils as well as alter 
vascular permeability and tissue blood flow. 64 The release 
of arachidonic acid from membrane phospholipids is as- 
cribed largely to the hydrolytic action of PLA 2 . 43 More- 
over, PLA 2 is a key regulatory enzyme for the production 
of platelet activating factor, which has also been impli- 
cated as an important mediator of sepsis and septic shock. 19,65 
Elevated levels of secretory PLA 2 correlate to hypotension 
and pulmonary changes (adult respiratory distress syn- 
drome) in patients with sepsis. 66,67 In vitro studies have dem- 
onstrated that TNF, IL-1, and EL-6 may induce secretion 
of PLA 2 by various cell types, such as hepatoma cells. 68 Redl 
et al 69 recently confirmed die role of TNF as a mediator of 
PLA 2 in baboons with sepsis. Our data further extend the 
in vivo role of cytokines toward the release of PLA 2 by dem- 
onstrating that IL-1 receptor blockade induced a dose- 
dependent decrease of PLA 2 levels. 

Our results lead us to conclude that the activation and/ 
or release of inflammatory mediators during severe infec- 
tion is at least partly attributable to IL-1 activity. The cur- 
rent results further substantiate a pivotal role for this cyto- 
kine in the pathogenesis of a generalized host inflammatory 
response. The attenuation of coagulation, fibrinolytic and 
complement activation variables, levels of secretory PLA 2 , 
and, to a lesser extent, neutrophil elastase during interleukin- 1 
receptor antagonist treatment are consistent with the increase 



in survival time in patients with disseminated intravascu- 
lar coagulation or adult respiratory distress syndrome pre- 
sent at study entry, as observed ina previously reported mul- 
ticenter phase III trial 30 in which these patients were accrued 
Although this trial did not achieve a statistically significant 
reduction in the all-cause 28-day mortality rate in interleukin- 1 
receptor antagonist-treated patients, the current data dem- 
onstrate that interleukin-1 receptor antagonist treatment di- 
minishes the appearance of several inflammatory variables 
and the alterations of coagulation and/or fibrinolysis path- 
ways. These observations lend further support to the con- 
cept that IL-1 activity is of importance in the pathogenesis 
of the more severe manifestations of the systemic inflam- 
matory response syndrome. 
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ABSTRACT 



Wleukin-1/J (IL-10) k produced in large amounts during acute pancreatitis and is believed to play a role 
m disease progression. Because secretion of IL-lfi is dependent on intracellular processing of t&Ut 
^1 cony^rting enzyn,e <ICE£ w« aimed to determine the efficacy.of a novel ICE inactivated SE£2& t 
intob.hng secretion of active TL-lfi in vivo and if the loss of ICE activity wouid affect the 2^^^ 

ZSLL Tr entaI TO**- ^ hem <>^ pancreatitis wj induced toTduS ZVl^LZ ^( 
bile aad into the pancreatic duct. Animals were randomized to receive VE-13045 or -MA^h^TTS 
of p^creatitis. To confirm our findings and to ensure that ^^V^'ZSZ^SZ 
SZ5 l CXPer Z WaS r nd , UCted USmg mice P^-g a homozygous knockout of the S geneL^ 
Was ™J uc f by feedi »8 8 choline-deficient, ethionine-supplernented diet The iteri^f 
t^n^JT* 5 ** f ° r ^ by standard surrogate markers, blind histologicg^du«^nd 

cunerential KT-PCR. Acute pancreatitis was associated with a 120-fold increase in IL-lfl mftNA wh.Vh JZ 
not affected by ICE inhibition or gene deletion. Cytokine processing and se^n weri affS as eSn^ 
./o^T^rTJf^ ° fIL -^ ^ TNF " a < 0.001) in aU animals with an ina^^^zvmlS 
lack f cytokine production increased survival from 32% to 78% following bile salt pa^creatiSTJ 

8 ° % Pancreatitis ^, < 0.005). Bo* IC^J^^^ 

strated decreased pancreatic necrosis, edema, inflammation, wet weight (all, < OAS), and amyi^d 
<P < 0.01). In vivo blockade or genetic deletion of ICE inhibits pancreatitis-induced secretion ofZinflatT 



INTRODUCTION characteristically account for the vast majority of pancreatitis- 

The cytokine iNTERLEUKiN-1/3 (IL-lj3) plays a pivotal role T^T* wd mortality .<•* 

in acute inflammatory conations ^ J2?T ^."fT" ° f ^ in P**°- 

plicated in the pathogens of acute panoeatids, a „Snf" E c ^^^^ 

nous inflammatory condition of the pancreas:"-*) Concomitant JS^^ST* * by adnumstra ' lon of a re- 

with the elevation of pancreatic enzymes. IL-lfi 2SS3 ^ZcST ST? ""T^ 01 

in the serum of humans or experimental aium2«fwith ™ ^P* 5 " 110 IL ' 1 blockade was shown to decrease pancreatic de- 

cytokine .evels peaking eiS^T^^ Z^^T'J^T "»« 

production of large amounts of IL- 1 /5 mRNA in the pancreatic Z ^ receptor (p80), maximal mflamma- 
parcnchymawiminhoursofmeind^ 

Soon afterward, IL-l/3 gene expression is upregulated in spe- curtr fh P ^ * 31 pre - 

'Department of Surgery, University of South Florida, Tampa, Florida " ' ■ ~ ~ ~ 

Vertex Pharmaceuticals Inc., Cambridge, Massachusetts. 
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tone protease IL-1 converting enzyme (ICE), which cleaves IL- 
10 into its active 17 kDa form. Several irreversible peptidyl in- 
acuvators of ICE have been reported recently «W9) VE- 13045 
is one such novel compound that irreversibly and systemically 
inhibits (inactivates) ICE in vivo when administered in the peri- 
toneal cavity. This compound has been shown to decrease 
hpopolysaccharide (LPS).induced IL-1 a and IL-lfl secretion 
and to block the progression of chronic collagen-induced pol- 
yarthritis in mice.«»> This compound is not active in these mod- 
els when administered orally. 

The current study was designed to further delineate the im- 
portance of IL-1 in the development of pancreatitis and to in- 
vestigate the mechanism by which it is produced in the course 
of this disease. Additionally, the in vivo efficacy of the ICE in- 
hibitor VE-13045 in decreasing pancreatitis-associated cytokine 

release and its effects on the severity and mortality of severe 

. .lethal pancreatitis were assessed. 



MATERIALS AND METHODS 

Animal models ' "" 

Animal studies were performed at an AAALAC-accredited 
faolity |n accordance with the Department of Laboratory 
Aiumal Medicine at the University of South Florida. Severe 
lethal pancreatitis was induced by one of two well-described 

models. 

M the first method, acute hemorrhagic necrotizing pancre- 
atitis was induced by the retrograde infusion of bile addimo 
tiie pancreatic duct of rats.<»> Briefly, adult male Sprague- 
Dawteyrats(„ = 24) (250-300 g) were fasted for 24 h and Sen 
anesthetized with sodium pentobarbital (50 mg/kg). The duo- 
denum was exposed through an upper midline incision using 
aseptic technique. The pancreatic duct was cumulated under 
10X magnification with PE-10 tubing transduodenal^ and tied 
into place around the proximal biliopancreatic duct A non- 
crushing clamp was placed across the hepatoduodenal ligament 
to prevent the injectate from ascending into the biliary tree and 
bver. Glycodeoxycholic acid (1 mg/kg of 4% solution in phos- 
phate-buffered saline, PBS) (Sigma, St Louis, MO) was injected 
into Ae bile duct over 10 min at a pressure never exceeding 10 
cm.H 2 0 using a Harvard pump with an inline pressure trans- 
ducer Following the injection, the catheter and clamp were re- 
moved and the abdomen was closed in layers. Sham animals 
(« - 8) underwent identical surgical procedures and ductxan- 
nulation without bile acid injection. 

, Inhibition of the ICE enzyme during bile acid pancreatitis 
was established by the i.p. administration of VE-13045 (15 
nig/kg) (Vertex Pharmaceuticals, Cambridge. MA), a recently 
described irreversible inhibitor of ICE.'"-") The antagonist or 
vehicle was administered to random animals 2 h before and 8 
h after pancreatitis induction. The compound was formulated 
ror i.p. administration in olive oil:ethanol:DMSO (90-5-5 v/v/vV 
as described in Ku et al.<"» The rest of the animals revived 
■•p. iruect.ons of vehicle (sterile olive oil) on the same sched- 

The second series of experiments used a model of acute he- 
morrhagic, necrotizing pancreatitis, which was induced in youn E 
female mice (15.4 ± 0.7 g) by feeding of a choline-def.cien? 
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c^c^ne^lemenuxl (CUE) diet (Harlan Teklad, Madison. 

12 Z 1^ 1 WCre fasted vemight before begin- 

nmg the <uet and were allowed water ad libitum. Feeding ^ 

n^S^ 6 h to ensure sanitt 'y «»ditions. Regular - 
chow replaced the experimental diet after 72 b. ~ 

Rather than i*armacologic inhibition of ICE. as in the first 
series of experiments, transgenic C57BL/6 mice possessing a 

the CDE model of pancreatitis. Wild-type C57BL/6 animals 
served as controls (» = 60). Transgenic mice with a disrupted 
K3E g«* were provided ! as a breeding pair as a generous gift 
^ertex Pharrr^o* mi Howanl Hu «««s MeoS 
Institute and were bred in the transgenic facility at the 
University of South Florida under strict isolation and in com- 
pliance with all AAALAC guidelines for the breeding traS- 
f;"™' 5 - Knoclcout animals used in these experiments 
- have been shown to be homozygous -(-/-) for tte Wtout 
ever* by reverse transcription polymerase chain reaction (RT- 
PCR) of genomic DNA using primers'") and methods previ- 
ous y described by our laboratory.''-'*) These animals have^en 
well descnbed and have been shown to lack IL-1 production in 
mvuro experiment,/''-) The ICE gene oosru^on'does^ 
feet development, growth rate, or fertility of the animals and 
does not produce overt effects on the immune system.08) 

Pancreatitis severity 

The severity of pancreatitis was verified in all animals by 
blind tetolog,c grading of fixed pancreatic sections (necrosis; 
vacuobzation, edema, and inflammation) as described l^our 
laboratory preWously/'M^se^^^^^ ^ 

pansons of serum amylase, lipase, blood urea nitrogen (BUN) 

™T^™t Ca,Cium ' which were determined on an auto- 
mated Kodak Ectachem 700 analyzer (Kodak, Rochester, NY) 
All rats had measurements of ascites volume and pancreatic 
weight/body weight ratios calculated. The CDE model in the 
mouse does not allow for these measurements." '•"> 

Tissue preparation 

Following pentobarbital anesthesia (50 mg/kg i. p .). a mini- 
mum of 6 survivmg animals from each experimental group were 
killed during maximal pancreatitis (rats at 24 h, mice at 72 h) 

established for both models of pancreatitis to Coincide with 

r5, P '! (: ^ C . i,,f,a!ftmittion Md cytokine produc- 
boa* Intracardiac injection of sterile PBS was used to puree 

I" ^ ^ men * e P 4 "^ was immedSSy 

lEXzm?" f0 - Ught microscopy - d 

Aon. Total RNA was isolated by guanidium thiocyanate/acid 
phenol extraction as previously described.**)) ne . . f 

SKa^T? ^ by CqUim0,ar ,8S and » *~ 
mal RNA bands following denaturing electrophoresis. 

Measurement of tissue cytokine mRNA by quantitative 
differential RT-PCR t-wuanve 

Total cellular RNA was primed using oligo (dt) 12 .« (Gibco 
Gaithersburg MD) and men reverb icricS "uSizTg 
Superscript II reverse transcriptase (Gibco). The ^ 
Was sub ^ •«> differential PCR with rat-specific and 
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v ^murine-specific primers for IL-1/3 and 0-actin obtained from 
\ Stratagene (La Jolla, CA). The sequence for IL-lfi was (rat 
sense = 5'-CAGGATGAGGACATGAGCAC-C3\ and anti- 
sense = 5'-CTCTGCAGACTCAAACTCCA-C3'; murine 
' - J«|^ 5 '^ A ^TGAGATGACX:ACC-3'andantisense5'. 
CTCTGCAGACTCAAACTCCAC-3 '). The sequence for fl- 
actin was (rat sense = 5'-GTGGGCCGCTCTAGGCACCA-3' 
f;*~ and antisense 5'^GGTTGGCCTTAGGGTTCAGGGGGG-3'- 
and murine sense 5 ' -GTGGGCCGCTCTAGGC ACC A-3 ' and 
antisense 5'-CGGTTGGCCTTAGGGTTCAGGGGGG-3'). 
Th IL-10 cDNA products were coamplified with /3-actin for 
30 cycles using a UNO-Thermoblock (Biometra, Tampa, FL) 
The reaction products were subsequently visualized by elec- 
trophoresis in 2.5% Metaphor agarose (EMC Byproducts 
Rockland, ME) containing ethidium bromide. Ultraviolet illu- 
mination was used to visualize the DNA bands, and the gels 
- werc Photographed digitally and stored on computer disc Band 
intensity was determined by optical density with individual cy- 
toWne/fl-actin cDNA ratios compared using Sigma Scan soft- 
ware (Jandel Scientific, San Rafael, CA). All primers are known 
to span at least one intron. The internal standard (/3-actin) has 
been shown previously by our laboratory to be linear and un- 
affected by the progression of pancreatitis throughout the time 
course of the experimental models used.<*-»r20> Additionally fi- 
actin maintains a linear relationship with IL- 1/3 from 20 through 
40 amplification cycles.<»-*» Restriction digestion of the re- 
sulting cDNA products via Pstl yielded the anticipated 340 and 
103 bp fragments (rat IL = 1/3 and /3-actin, respectively) and 
fl and 245 bp fragments (murine IL-1/3 and /3-actin, respec- 
tively) (data not shown). 
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FIG. 1. Intrapancreatic IL-1/3 gene induction during Severe 
acute pancreatitis. Two models of pancreatitis are shown Rats 
underwent bile salt infusion of the pancreatic duct to produce 
severe hemorrhagic pancreatitis: Mice were fed a choline-defi- 
ctent. ethionine-supplemented (CDE) diet to produce severe 
necrotizing pancreatitis. The cDNA ratios of IL-1/3 and the in- 
ternal standard /3-actin are compared after co-amplification via 
differential RT-PCR for 30 cycles. Sham animal] do not de- 
velop pancreatitis and show very, low constitutive expression of 
u ™ A ,. wi,hin P ancreat 'c tissues. The induction of bile 
( I ? YE ,^ et P ancrea,itis increases IL-lfi mRNA approxi- 

K3* y t I™-™? K 0001) ' which is not «ff«ted by inactiva- 
uon of ICE by VE-13045 in rats with bile salt pancreatitis or 
genetic deletion of the ICE gene in mice with CDE diet-induced 
pancreatitis. 



Sham Vehicle VE-13045 

FIG. 2. Serum IL-1/3 and TNF-o during bile salt-induced 
acute pancreatitis. Serum was obtained at 24 h after induction 
of pancreaaus when pancreatic inflammation and cytokine pro- 
duction are known to be at their peak. Severe pancreatitis isT 
muted 1 with significant elevations in serum IL-lfl and TNF- 

w'nnJi r ^ < ? MOted by #) - « ICE by 

VE- 1 3 045 eliminates the nse in serum IL-lfi while significantly 

ST*) se " a ^* p<0M5vsv ^^ 

Serum cytokine determination 

Serum cytokines were assessed during maximal pancreatitis 
via munne-specific or rat-specific ELISA as per the rnanufac- 
turer s direction (Genzyme. Boston. MA). All samples were 
measured in triplicate by a single investigator (G.K.), who was 
blinded to treatment group. 

Statistical analysis 

Results are. expressed as means ± SEM. Statistical analysis 
was performed using the StatS 3 statistical program 
Spreadware, Palm Desert, CA) applying the unpaired two- 
tailed Student s west, with significance being assigned to p val- 
ues < 0.05 unless stated otherwise. 



RESULTS 

Cytokine production 

There was little or no constitutive expression of IL-lfi 
mRNA in the pancreas, although the progression of severe pan- 
creauus was associated with a near 120-fold increase in the IL- 
lfl/S-acttn mRNA ratio <p< 0.001 vs. baseline) (Fig 1) 
Administration of the ICE inhibitor VE-13045 had no discem- 
able effect on this upregulation in any of the animals examined 
(P - NS compared with sham). Similarly, those animals ex- 
pressmg a homozygous deletion of the ICE gene demonstrated 
nearly ,dentical upregulation of IL-1/3 mRNA in response to 
the CDE-induced pancreatitis, as did the wild-type animals 
Genetic deletion or pharmacologic inactivation of ICE, there- 
fore, had no effect on IL-1/3 mRNA induction during pancre- 

Both IL-1 and tumor necrosis factor (TNF) protein were ab- 
sent or present m very low concentrations in the serum of nor- 
mal animals. Acute pancreatitis was associated with a marked 
elevation of both these cytokines, which was attenuated signif- 
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ICE Knockout 



Vehicle 
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was deceased to 20% in .hose possessing a h Jozygou^^^ 



icantly in those animals that received the ICE antagonist (both 
p< 0.01) (Fig. 2). 

Mortality 

Retrograde infusion of bile acid into the pancreatic duct pro- 
duced a severe hemorrhagic, necrotizing pancreatitis with a 
mortality rate of 68%. Inhibition of ICE activity via adminis- 
tration of VE-13045 attenuated the mortality rate to 22% (Fig. 
3A) (p<0.01). Similarly, the CDE diet produced a severe 
necrotizing pancreatitis with a 10-day mortality rate of 73% in 
normal wild-type mice. Genetic deletion of the ICE gene was 
associated with only a 20% mortality (Fig. 3B) (p < 0.005 vs. 
wild-type). 

Pancreatitis severity 

AH experimental animals developed pancreatitis. Bile salt- 
induced pancreatitis was associated with the development of 
marked pancreatic edema and free ascitic fluid. Those animals 
receiving the ICE inhibitor showed a significant reduction in 
pancreatic wet weight (p < 0.Q5) but not ascitic volume (p = 
Q.47) (Fig. 4). Serum amylase, lipase, and BUN were also sig- 
nificantly attenuated with ICE inhibition/deletion (all p< 
0.05), whereas serum calcium and creatinine were not affected 
(Table 1). Histologic scoring of pancreatic tissues in animals 
deficient in the ICE gene, as well as those receiving VE-13045, 
demonstrated reduced edema, necrosis, and inharnmatory cell 
infiltrate (all p < 0.05) but not vacuolization (Table 2). 



cal to the cellular export of mature, bioactive EL-1£ Moreover, 
the inability of monocytes to process IL- 10 resulted in sutn 
stantial reductions in IL- la, TNF-a, and EL-6 production, 
demonstrating further the importance of IL-1/3 to the cytokine 
cascade in general. 

There were two experimental strategies available to ascer- 
tain the role of ICE in models of pancreatitis. First, we used an 
irreyersible inhibitor of endogenous ICE to prevent its enzy- 
matic activity. The compound we chose for this purpose (VE- 
13045) is an esterified form of a highly efficient inactivator of 
ICE 0W of 1 X 10* M-* s-1). The esterified form of this 
compound is a more potent cellular inhibitor of ICE and is bi- 
ologically active in suppression TL-lp secretion in vrw>.< 19 > 
Although the compound is cleared rapidly from the systemic 
circulation, its ability to irreversibly inactivate the enzyme in 




o. 0.40 



DISCUSSION 

Although several serine proteases are capable of processing 
the IL- 1 p precursor to one of several bioactive forms, ICE is 
the only known protease that generates the mature 17 kDa cy- 
tokine with its typical Ala 118 amincKerminus.< 3 - lfr - 18 > The im- 
portance of this processing enzyme in regulation of cytokine 
release has been studied recently in vitro using monocytes iso- 
lated from mice possessing a homozygous deletion of the ICE 
gene.< 18 > These investigators demonstrated that ICE was criti- 



Sham Vehicle VE-13045 



FIG. 4. The effect of ICE inactivation on pancreatic weight 
and ascites volume in rats with severe pancreatitis induced by 
bile reflux into the pancreatic duct The pancreatic weight/body 
weight ratio increased significantly in vehicle' control rats, 
which developed bile salt pancreatitis (p < 0.05 vs sham, de- 
noted by *) Inactivation of ICE by VE-13045 attenuated this 
nse by nearly 50% (p < 0.05 vs. vehicle, denoted by **) These 
same animals also developed massive free ascites (vehicle con- 

r , i < n °^ VS : Shani ' denoted b y *)> which was not affected 
by VE-13045 administration (p = 047 vs. vehicle control) 
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Serum amylase 
(IU, thousands) 

Seniin lipase^ V : 

(IU, thousands) 
BON (mg/dl) 
Calcium (mgfdl) 
Creatinine (rag/dl) 



Table 1, S everity of Pancreatitis 
Bi/e ocw/ pancreatitis 



Sham 

OM ± 0.7* 

0.08 ± 0.01 

14.1 ± 1 : 
9.6 ± 0.3 
0.4 ± .01 



Vehicle 

7.32 ± 0.58* 

3.76 ± 0.7* 

91 ± 7* 
7.7 ± 0.4* 
1.4 ± .02* 



VE-13045 

6.10 ± 0.35* ** 

1.46 ± 0.2*-** 

74 ± 5*-** 
8.7 ± 0.5* 
1.3 ± 0.01* 



"Values are mean ± SEM. 

"Significance from sham or baseline values (p < 0.01). 
♦♦Significance from vehicle or wild type (p < 0.05). 



CDE diet pancreatitis 



Baseline 

0.54 ± 0.03 

0.38 ± 0.04 

15.3 ± 1 
9.4 ± 0.2 
0.6 ± 0.01 



Wild-type 

28.3 ± 2.6* 

18.2 ± 1.7* 

46 ± 5.1* 
9.2 ± 0.5 
1.2 ± .08* 



Knockout 

15.4 ± 1.2*-** 

11.9 ± 0.8*-** 

39 ± 3.2* 
9.2 i 0.6 
1.1 ± .03* 



, vivo when debvered Lp. made it suitable as a probe for the role 
of ICE in a rapid, acute model of pancreatitis. Use of an ex- 
- genous ICE inhibitor allowed us. to. precisely, time the dosing 
of the compound with respect to disease stimulus. 

Our second strategy involved using a transgenic mouse with 
a disrupted ICE gene. Although the transgenic mice we used 
sh w near total suppression in LPS-induced secretion oflL-la 
and TL-lp and partial suppression of serum TNF-a and IL-6 
they present an alternative to the use of an ICE inactivator that 
^potentially inactivates other cysteine protease homologs of ICE. 
jUse f the knockout mouse, therefore, is the most precise 
method available for studying the effects of deleting the activ- 
ity of a single eiizyrhe m y/Vo. 

Hie two models of pancreatitis used in the current study are 
kn wn to be associated with systemic cytokine production that 
is independent of endotoxin/ 10 - 2 '-**) me dramatifc rise in IL. 
10 mRNA within the pancreas and lung has been demonstrated 
previously and closely mimics pancreatitis progression/ 8 ** 0 ) 
The current series of experiments demonstrates the efficacy of 
VE-13045 in antagonizing ICE in vivo and confirms the im- 
portance of ICE in the processing and secretion of IL-1 as well 
as affecting total TNF production in vivo. The animals with 
pharmacologic blockade of ICE had cytokine production at- 
tenuated to an equivalent degree as the knockout animals, sug- 



gesting complete enzyme inactivity. Although the process by 
which IL-l/J ,s prevented from entering the serum is fairly well 
. charactenzed, the. mechanism by which TNF secretion is at- 
tenuated is not known, as it is not a direct substrate of ICE 
This decrease in circulating TNF has been demonstrated also 
in animals pretreated with ILl-Ra before pancreatitis induc- 
tion^) is j^jy duetoan overall decrease in &e ^ 

ciated systemic inflammatory response and attenuated feancre- 
atms severity. F 

The importance of iminhibited production of IL-10 to the 
overall progression of acute pancreatitis is apparent in these ex- 
periments. By preventing the development of the typical cy- 
tokine cascade, nearly every measure of pancreatic damage was 
diminished. Previous experiments in a nonlethal pancreatitis 
model demonstrated that an active IL-1 receptor is required for 
the development of maximal necrosis and pancreatic edema/") 
These findings were confirmed in the two lethal models used 
m this study, but additional benefits were seen, including de- 
creased pancreatic inflammation and less severe changes in 
serum BUN. It is possible that some of the decrease in pan- 
creatic damage may be attributed to inhibition of ICE-mediated 
apoptosis, but little can be said about what effect this mecha- 
nism has on the other parameters of pancreatitis, as little is 
known about the role of apoptosis in the development of pan- 



Table 2. Histologic Grading of Pancreatitis 11 



Bile acid pancreatitis 



Edema 
.Necrosis 
Inflammation 
Vacuolization 



Sham 

0 
0 
0 
0 



CDE diet pancreatitis 



Vehicle 

3.3 ± 0.2 b -* 
3.2 ± 0.1* 
3.1 ±0.1* 
2.8 ± 0.2* 



VE-13045 

0.9 ± 0.1*-** 
0.6 ± 0.1* ** 
0.7 ± 0.1* ** 
2.6 ± 0.1* 



Baseline 

0 
0 
0 
0 



Wild-type 

3.1 ± 0.2* 
3.8 ± 0.1* 
3.6 ±0.1* 
2.4 ± 0.2* 



knockout 

2.6 ± 0.2** 
3.0 ± 0.1*-** 

2.7 ± 0.2*-** 
2.5 ± 0.1* 



.-*2^^7^4 b 3 bU " ded faShi ° n - USSUeS ^ 2 — 0f °' - d -erity for 

" •SlTfi^fTrnlh 8 ^ f K f,eldS , from ^ PanCrcatiC "I"*- from 311 

aigmricance from sham or baseline values {p < 0.01). 
♦♦Significance from vehicle or wild type (p < 0.05). 
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creams. Combined with the dramatic survival benefit attrib- 
uted to ICE inhibition, these studies demonstrate the profound 
detrimental effect f IL-I/3 during acute pancreatitis and sug- 
gest that ICE blockade has potential therapeutic applications in 
this disease. 



NORMAN ET AC 



ACKNOWLEDGMENT 



^workwassupportedbyaVeteransAoiniiiistrationMerit 
Review Grant to J.N. 



REFERENCES 

1. GLASBRENNER, B. and ADLER. G. (1993). Pathophysiology of 
acute pancreatitis. Hepatogastroenterology 40, 517-521 

2 - IpffERG. W., andJE f ^ S4 ,9 9 4). Acute pancreatitis N 
Engl J. Med. 330, 1 198-1220. P™reaous. w. 

3. MNARELLO^ao*)^ 
ease. Bipod 87, 2095-2147. 

4. NORMAN. J., FRANZ, M., RKER, A., and COWER. R. (,994) 
Rap^elevation of pro-iiuTamraatory cytokines durmtfacute ban ' 
cn^ and their origination within the pancreas. Surg. Fbrum45, 

{ rr?- Systei ™ c complications in acute pancreatitis are associated 
c ^ i° c / eased monocyte cytokine release. Gut 35, A575. 

£A^A D t£j^ CKSHANK> DH - GUDGEON, M. JE- 
^ MN> andIMR * C.W. 0993). Role of to- 
terietJan-6 » mediaang ^ ^ phasc protdn ^ 

? " ttG -. HEINISCH. A. and SCHOLMERICH, 

J. (1993). Inflammatory mediators <md cytoMnes-New aspects of 
the patf.ophys.ology and assessment of severity of acute pancre- 
atitis. Hepatogastroenterology 40, 522-530 ' 

8- FINK. G., and NORMAN. J. (1997). Specific changes in the pan, 
creauc expression of the interleukin-1 family of genes duringex- 
penmental acute, pancreatitis. Cytokine fin press) 

fST' G " CARTC *. C ™%OK B, GLAC- 

CUM. M and FRANZ, M. (1996). Active interleukin-l receptor 

Sr^TeT^ ProgreSSi ° n ° faCUte P*wtatWs. Ann. Surg. 
10. NORMAN, J., FINK. G., CARTER, C.. SEXTON C and 
_FRANZ. M (1995). The induction of multi-organ cytokine gene 
expression by acute pancreatitis. Gastroenteroloev 108 30fiA 

MURGY. A.S.. and GOWER, W.R. (,995). Interleukin-1 receptor 

^ntSKr** of expcriraemal r * 

AX wTTr^J^ M> ^ °- **ESSINA, J., COWER. 
W.R.. and CAREY. L.C. (1995). Decreased mortality of severe 

Zt^^ 10 ^ Pr ° rimal bloc ^ A- 

l^f^ ' MURATA - A - "DA. K.. TODA. H.. KATO. T 
HAYASHTOA. H.. MATSUURA, N., and MORI. T. (1 99 5 i' 
Interleukin-1 receptor antagonist modifies the changes in vital or- 
g«s mduced by acute necrotizing panotitis in a rat experimental 
model. CnL Care Med. 23, 901-908. 



17. 



18. 



14. NORMAN, L, FINK, G., FRANZ, M, GUFFEY, J CARTER- cT r 
DAVISON. B., SEXTON, C.. and G^CC^ M 
uoerieubn-l receptor required for maximal ^gressT ofS 
pancreatitis. Ann. Surg. 223, 163-169 <* acute 

^ oSaS * CHAPMAN,. 

rlS?^.^ ELUS0TON . AYALA, J^T 
Mv*nwv\ Z DING, G., EDGGER, L, GAFFNEY fiT • 

SiJ^i 1 ^ T - SHIVELY . J- MagCROSS. WW? 
M^RD.R,sarMIOT.J..andTOC^ . 
Jetaodtmenc cysteine protease required for interleaf pro- 

cessrng in monocytes. Nature 356, 768-774 i . - 

16. WILSON. IC. BLACK. J„ THOMSON, J.. KIM. E GRIFrTH 7 
NAVIA, M.. MUREKO. M., CHANBERS/S jSSStt 
RAYBUCK. S., and LIVINGSTON, D^j.^^^ 
SSST enzyme. Nature 37? 

CERETn. D.. KOZLOSKY. C. MOSLEY. B NELSON N 

R.' fl CA f NI f ZARO - L - HUEBNER, K, and BLACK 

D.. SU »L and FLAVELL. R. (, 995). Altered cytokine expottand 
19. KU, G M FAUST, T. f LAUFFER, LIVINGSTON D »«h 

20 ' ™w C 7^' SKI ' P - "* SACCHI - N " f 87), Single W 
method of RNA elation by acid guanidinium Oucc^uuZLS 
chloroform extraction. AnaL Biochem. 162, 156-159 

^crejc^unK, necrosis factor-a gene expression. Arch. S^. 

^ ™^M^J^J-\ KOm M " "AHEV EL-DIN. A.. 
PABST. M, and GAB ER, A.O. (1995). Induction of acute pan- 
creauus in germ-free rats: Evidence of a primary role for turner 
necrosis factor-alpha. Surgery 117, 201-205 ' 

23. GREWAL. HP, KOTB. M. OHMAN, M. SALEM, A. GABER. 
U and GABER. OA. (1994). toducrion of tumor n^TS 
m severe acute pancreatitis and its subsequent reduction after he- 
pauc passage. Surgery 115, 213-221 

24. FINK. G., and NORMAN, J. (1996). Iturapancreatic interleukin-1 
gene expression by specific leukocyte populations during acute 
pancreatitis. J. Surg. Res. 63, 369-373 

25. VAN LAETHEM, J.L., MARCHANT, A.. DELVAUX A 

mTlm-mT MPenmCntaJ PanCreadtis - O^nLlogy 

Address reprint requests to: 
James Norman, M.D. 
Department of Surgery, 112 
University of South Florida 
13000 Bruce B Downs Boulevard 
Tampa, FL 33612 



( ; 



Received 8 August 1996/Accepted 4 November 1996 



Leukemia and Lymphoma, Vol. 24, pp. 379-391 
Reprints available directly from the publisher 
Photocopying permitted by license only 



EXHIBIT 



10 



© 1997 OPA (Overseas Publishers Association) Amsterdam B.V. 
Published in The Netherlands by Harwood Academic Publishers 

Printed in Singapore 



Role of Interleukin-lp Converting Enzyme (ICE) in Acute 
Myelogenous Leukemia Cell Proliferation 
and Programmed Cell Death 

*9B9Bf^g|g^and MOSHE TALPA2 
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(In final form 20 May 1996) 

The proinflammatory cytokine interleukin (IL)-l has been j>hown to play a pivotal role in stimu- 
lating aeute myelogenous leukemia (AML) cell proliferation. The gene for its prominent IL-lp 
form produces a 31-kDa precursor protein (pro-IL-lg) that is biologically inactive unless 
cleaved to its mature form by a cytoplasmic cysteine protease termed E>lp converting enzyme 
(ICE). Although ICE was first thought to be a unique enzyme with a single biologic activity, sev- 
eral investigators have demonstrated \hat ICE shares sequence homology with the protein prod- 
uct of ced-3, the gene for cell death of the nematode Caenorhabditis elegans, and induces 
apoptosis in different experimental models. It was therefore hypothesized that ICE may either 
augment the production of mature DL-ip and stimulate the proliferation of cells, in which IL-lg 
acts as an autocrine growth factor, or induce apoptosis. Recent data indicate that ICE is a mem- 
ber of an increasingly recognized family of cysteine proteases. Unlike ICE, the other members 
of this family do not cleave pro-IL-lp but are effective inducers of apoptotic cell death, whereas 
ICE acts primarily as an IL-ip converting enzyme. Because IL-lp serves as either an autocrine 
or paracrine growth factor in AMUwe recently investigated the effect of ICE inhibition on AML 
colony growth and found that ICE inhibition reduced the production of mature IL-ip and sup- 
pressed AML progenitor proliferation. Our data suggest that ICE does not function as an apop- 
tosis gene in AML but rather increases mature IL-lp production and AML cell proliferation. It 
is possible, therefore, that ICE inhibitors may be beneficial in AML therapy. 

Keywords: Interleukin- 1 , interleukin- 1 P converting enzyme, acute myelogenous leukemia 



INTRODUCTION / 

Acute myelogenous leukemia (AML) progenitors; 
require the addition of specific cytokines to stimulate 
their proliferation in tissue culture. m Among the var- 



ious cytokines that have been implemented in stimu- 
lating the in vitro growth of leukemic cells, inter- 
leukin (IL)-l plays a unique role. Bone marrow cells 
from most AML patients produce IL-lp. which stim- 
ulates leukemia cell proliferation through autocrine 
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and paracrine mechanisms. {13] IL-1 induces the pro- 
duction of several cytokines such as granulocyte- 
macrophage colony-stimulating factor (GM-CSF), 
granulocyte CSF (G-CSF), macrophage CSF (M- 
CSF), EL-2, EL-3, IL-6, IL-7, IL-8 ? and tumor necrosis 
factor (TNF)-ot from the leukemic blasts and a variety 
of cells including accessory cells 13-61 , endothelial 
cells/ 7-101 and bone marrow stroma. 11 In addition, 1L- 
1 upregulates cell -surface receptor expression of sev- 
eral cytokines, synergizes with several growth factors 
in stimulating progenitor proliferation, 112-161 and pro- 
longs survival of progenitor cells. 1171 Clinical data 
also implicate IL-1 in stimulating AML cells. Raza 
et al found that the presence of IL-1 P gene activity is 
associated with a poor long-term prognosis in patients 
with AML, 1181 suggesting that mechanisms similar to 
those observed in various in vitro studies may be 
operative in vivo. 

Based on these data, we and others have hypothe- 
sized that inhibition of IL-1 activity may suppress 
leukemia cell-proliferation. Various strategies for 
inhibiting EL-1 have been explored over the past sev- 
eral years. Subsequent in vitro studies have shown that 
suppression of EL-1 production or interruption of its 
interaction with its corresponding cellular. receptors 
may suppress the growth of leukemia cells (reviewed 
in 1191 ). As a result, the antileukemic properties of EL-1 
receptor antagonist (IL-1RA), EL-4, and suramin are 
being investigated in clinical trials. Because IL-ip is 
the prominent form of IL-1 and because the amount of 
IL-ip mRNA found in activated cells is usually 10- to 
50-fold greater than that of the IL-1 a formj 151 several 
investigators have attempted to. identify means for 
specific inhibition of EL- 1 p. f201 



IL-lp AND IL-lp CONVERTING 
ENZYME (ICE) 

The IL-1 family includes IL-1 a, IL-lp, and IL- 
1RA H5.2i] Although found predominantly in mono- 
cytes, these cytokines are also produced by a variety of 
normal and neoplastic cells. 115 ' 191 IL-1 a and IL-lp are 
proinflammatory cytokines. They share 26 amino acid 
homology, bind to the same receptors, and share a 



wide spectrum of biological activities^ 19 ; 221 
Nevertheless, IL-la and IL-lp are not interchange- 
able. Recent data describing an IL-1 p-deficient mouse 
model indicate that although IL-lp-deficient mice 
develop normally, they exhibit an impaired acute- 
phase inflammatory response and are completely 
resistant to fever development and anorexia, suggest- 
ing that at least some of EL-lp's activities cannot be 
replaced by either EL-1 a or any other cytokine J 231 

The protein products of the l£-la and IL-lp genes 
are 31-kDa precursor forms. Precursor (pro)-EL-la is 
biologically active and binds to EL- 3 receptors without 
further processing. 124 " 261 Most pro-IL- 1 a remains in the . 
cellular cytosol, where it is phosphorylated at serine 90 
and may function as an autocrine messenger. 127 - 281 The 
extracellular 17.5-kDa form of IL-la results from 
cleavage of pro-IL-la by different proteases 115 - 29 " 311 at 
the Phe-Leu f1191 bond. No enzyme has been found to 
specifically process DL-Iol In contrast, EL-ip must first 
be processed from its inactive cytoplasmic precursor to 
an active 17.5-kDa mature form. 124-261 Pro-IL- IP is 
cleaved by a unique cytoplasmic cysteine protease 
termed EL-ip converting enzyme (ICE) [32-38) after asso- 
ciation with the plasma membrane during the 
cytokine's secretion 1391 (Fig. 1). ICE cleaves the 
Asp 11161 - Ala' 1171 bond of pro-DL-lp to generate the 
mature ILrlp form and at a secondary cleavage site of 
Asp E2?1 -Gly t28} to form small amounts of a 28-kDa frag- 
ment which can be further processed to the active 17.5- 
kDa form. Thus far no other protein containing Asp-X 
linkages has been found to be cleaved by ICE. l33J ICE is 
thought to be essential for production of EL-1 P, because 
cells lacking ICE activity do not form mature EL-lp 
even when transfected with pro-3L-l p. 

ICE must be processed before it becomes 
active. 137 * 385 Active ICE is composed of two subunits, 
pi 0 and p20 T whose crystal structures have been deter- 
mined; 140 ' 411 both require oligomerizatiqn |42] for cat- 
alytic activity. 137 * 38 * 42431 The mature p!0/p20 form of 
ICE is derived from a 45-kDa proenzyme (pro-ICE) 
by autocatalysis' 37441 (Fig. 1). The active enzyme is 
present in various cells at |ow quantities. It was 
detectable only by electron microscopy and was 
shown to be associated with the plasma membrane. 1431 
The secretion of mature P does not involve the 
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FIGURE 1 Processing of EL-1 p. The protein product of the lh-l§ gene is a 3 1-kDa protein termed pro-II^l p. Inactive (pro)-IL-l P is cleaved 
by ICE: To become active, ICE has to be cleaved from its 45-kDa inacuve proenzyme (pro-ICE) into 10k and 20k biologically active forms 
by autocatalysis. The cleavage of pro-IL-ip takes place at the cellular membrane. Only the mature form of IL-ip is found exEracellularly. 



Golgi apparatus or endoplasmic reticulum, 142 ;" 473 and 
its cleavage and secretion are associated with the cell 
membrane.* 26 - 481 



ICE AND PROGRAMMED CELL DEATH 

Initially, ICE was thought to be a unique cysteine pro- 
tease with a single specific biologic activity. < 37 * 3S1 
However, subsequent studies have indicated that ICE 
may possess additional properties unrelated to pro-IL- 
1(3 cleavage. Yuan et ctl. m found that the CED-3 pro- 
tein, which induces apoptosis in the nematode 
Coenorhabditis elegans embryonic cells, and ICE 
share 28% of their amino acids and that ICE is identical 



to CED-3 in a 5-amino-acid stretch thought to be the 
site responsible for ICE's protease activity. They also 
demonstrated that overexpression of ICE induced pro- 
grammed cell death in Rat-1 fibroblasts^ 03 and that the 
ICE-induced apoptosis could be blocked by the C ele- 
gans "anti-death" gene ced-9; the human anti-apoptosis 
gene Bel -2: and cnnA, the cowpox virus gene whose 
protein product inhibits ICE's protein-splitting activ- 
ity. J5IJ2) . Furthermore, Yuan's group has also shown 
that microinjection of the crmA gene into chicken dor- 
sal root ganglion cells prevented cell death induced by 
deprivation of nerve growth factor. |:?:>1 suggesting that 
ICE may also be a human cell-suicide gene. 

Subsequent studies by other investigators have 
implicated ICE in several cell-death mechanisms. 
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Boudreou et aL [5A) reported that ICE plays an impor- 
tant role in the extracellular matrix-regulated apopto- 
sis of mammary epithelial cells. Laboratory data 
suggested that ICE might also be associated with the 
Fas/APO-1 apoptotic pathway. Fas/APO-1 is a trans- 
membrane 48-kDa glycoprotein that is structurally 
homologous to TNF-a and nerve growth factor, which 
is one of the major regulators of apoptosis. 1553 Tewari 
and Dixit have shown that expression of crmA in var- 
ious cell lines inhibits Fas-induced apoptosis s (56) and 
Enarl et al found that both crmA and the specific ICE 
inhibitor tetrapeptide (acetyl-Tyn-Val-Ala-Asp- 
chloromethylketone) inhibited cytotoxicity induced 
by anti-Fas antibodies in rat fibroblasts. f57) Whereas 
overexpression of ICE potentiated Fas/APO-1 -medi- 
ated apoptotic cell death, inhibition of ICE activity, by 
crmA or by an antisense ICE construct, suppressed 
Fas/APO-1- and TNF-mediated apoptosis. f56 ' 5S] 
Another apoptotic pathway involving ICE was identi- 
fied by Tamura et a/. f59) who demonstrated that 
ectopic expression of the transcription factor inter- 
feron regulatory factor (IRF)-1 .results in activation of 
the endogenous gene for ICE and enhancement of 
radiation-induced apoptosis. 

The C. elegans ced-9 gene protects cells from 
undergoing programmed cell death, an effect opposite 
to that of the ced-3 gene. t60) The ced-9 gene encodes a 
280-amino-acid protein with sequence and structural 
similarities to Bcl-2. I61} The Bcl-1 gene was cloned 
from the breakpoint of the chromosomal translocation 
t(14;18)(q32.1;q21) characteristic of follicular B-cell 
lymphoma. 162 " 641 Bcl-2 is a member of an ever- 
expanding family whose members may interact to pro- 
mote or inhibit programmed cell death (reviewed 



in [65) ). The functional resemblance between the C. ele- 
gans ced-9 gene and the mammalian Bcl-2 proto- 
oncogene link the Bcl-2 family members that promote 
cell death (such as Bax) to ICE.* 60 * 61 ' 65 " 673 . Further- 
more," these similarities suggest that the molecular 
mechanism of programmed cell death has been con- 
served from nematodes (ced-3 and ced-9) to mammals 
(7CEand.Bc/-2). 



THE ICE FAMILY 

Over the last 2 years, several investigators have estab- 
lished that ICE is the first member of a new family Of 
cysteine proteases involved in the induction of pro- 
grammed cell death (Table I). Kumar etal m identified 
a set of 1 1 mouse genes, named Neddl through NeddlO, 
of which Neddl encodes a protein that is similar to ICE 
(29% identity). They shpwed that overexpression of 
Neddl in cultured fibroblasts and neuroblastoma cells 
resulted in cell death by apoptosis and that this effect 
could be suppressed by expression of the human Bcl-2 
gene, suggesting that Neddl is functionally similar to 
the ced-3 gene in C. elegans. Using a mouse Neddl 
probe, Wang et al^ 0] isolated and characterized a ced- 
3-related gene termed Ich-l. Ich-l mRNA was found to 
splice into two different forms. One form encodes the 
protein ICH-1 L , which contains amino acid sequences 
homologous to both the p20 and plO subunits of ICE; 
the second form encodes ICH-1 S) a 312ramino-acid 
truncated version of the ICH-1 L protein. Whereas over- 
expression of Ick-li induces programmed cell death, 
overexpression of Ich-l s suppresses rat-1 cell death 
induced by serum deprivation. f70] 



TABLE I The ICE Family 



Protein 


Species 


Cleaves IL- ip 


References 


ICE 


Human 


Yes 


49,50,68,69 


CED-3 


C. elegans 


7 


49 


Need2/ICH-1 


Murine/human 


7 


69-71 


prICE/CPP32/Yama 


Human 


No 


68. 72-78 


ICE^-II/TX/ICH-2 


Human 


No 


69, 79-81 


ICEnj-III 


Human 


No 


79 


Mch2 ■ 


Human 


7 


82 


Mch3/ICE-LAP3 


Human 


o 


83-85 
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Other investigators have isolated, characterized, and 
cloned additional ICE-related proteases. Lazebnik 
et alS 6Z] discovered a novel human protease resembling 
ICE (prICE) and Wang et ai m described its hamster 
homolog. Both Nicholson et aL {73] and Tewari et al m 
have identified prICE as the ICE relative CPP32-|3 
(also termed Yama [78} ), a cysteine protease that shares 
even closer homology with CED-3 than does ICE ™ 
CPP32 is a 32-kDa putative cysteine protease that, like 
ICE, is synthesized as an inactive proenzyme that 
requires proteolytic activation. Its transcript is highly 
expressed in most abundant cell lines of lymphatic ori- 
gin. Similar to ICE, its overexpression in this case in 
Sf9 insect cells results in apoptosis.- 873 A CPP32- 
derived enzyme, apopain, is composed of two biologi- 
cally active 17k and 12k subunits. f73J The active form 
of CPP32 (apopain) is identical to prICE. p3] 

Two novel members of the ICE family of proteases, 
designated ICE rer n and ICE^-HI, have been recendy 
cloned from human monocytic cells.^ Both had a 52% 
sequence homology to ICE and both contain the pen- 
tapeptide sequence of the catalytic cysteine residue. 
Although both ICE rel -n and ICE rer III effectively 
induced apoptosis in fibroblasts, they lack the capability 
to cleave pro-JL-ip. ICE reJ -II is identical™ to the ICE 
homologues TX and ICH-2 that have been described by 
Faucheu eraZ. f80] and Kamen etaL, m] respectively. 

Using a polymerase chain reaction (PGR) approach, 
Femandes-Alemni et a/. t8z83] cloned two novel ICE- 
Iike apoptosis genes from human Jurkat T-lympho- 
cytes. The new genes are termed Mchl and Mch3. 
Mch2 encodes a 34-kDa protein that is highly homol- 
ogous to CPP32 and other members of the Ced- 3/ICE 
family. Of the two Mch2 transcripts (Mch2a, L7kb 
and Mch2(3, 1.4kb), Mch2a possesses protease activ- 
ity. It can cleave PARP in vitro, and its overexpression 
in Sf9 insect cells induces apoptosis. f82) The Mch3 
gene encodes two Mch3 proteins: an active Mch3oc, a 
cysteine proteas^ with extensive homology to CPP32, 
and an inactive Mch3(3 variant. Mch3a forms an 
active heterodimer complex with CPP32 and Mch3(3 
may act as its inhibitor. 1833 ICE-LAP3, first described 
as a novel ICE-related protease whose overexpression 
induced apoptosis in the breast cancer cell line MCF- 
7, [841 was later found to be identical to Mch3. (853 



MECHANISMS OF ACTION OF ICE- 
RELATED PROTEASES 

Upon activation, cytotoxic T lymphocytes can exocy- 
tose granules whose content is released into the extra- 
cellular space between the target cell and the effector. 
One of the released molecules, perforin (cytolysin), is 
a pore-forming protein whose sequence and function 
are similar to those of the lytic complement proteins. 
In the presence of Ca 2+ ions, perforin binds to the 
lipid bilayer of the target cell plasma membrane, and 
12 to 18 perforin monomers form transmembrane 
pores and facilitate the entry of the cytotoxic 
granzymes into the target cells 1893 (Fig. 2). Granzymes 
are serine proteases released upon T-cell activation. 
Granzymes enter the target cell through pores gener- 
ated by perforin and induce apoptotic ceil death 
through a mechanism that is not fully under- 
stood^ 921 (Fig. 2). Both perforin and granzyme B 
were found in CD34+ peripheral blood cells mobi- 
lized by chemotherapy and G-CSF. f93] Interestingly, 
granzyme A, but not granzyme B, was shown to ■■ 
cleave pro-EL-lp at Arg I12 °l, four amino acids down- 
stream of the authentic processing site, Asp [n6 . 94] 
Darmon et al. {12] have recently shown that granzyme 
B. cleaves and activates the proenzyme CPP32, thus 
generating CPP32/apopain, the active form that 
induces programmed cell death (Fig. 3). 

The mechanism by which CPP32/apopain induces 
apoptosis has been recendy unfolded. CPP32/apopain 
cleaves the nuclear enzyme poly ADP-ribose poly- 
merase (PARP), an enzyme involved in DNA repair, 
chromatin stability, and supervision of genome 
integrity. 175 * 763 Cleavage of PARP was found to be asso- 
ciated with apoptosis in a variety of cell types. 1783 Other 
ICE family members such as CED-3,* 951 Need2/ICH- 
l, t69 " 7n ICE rd -IIA , XACH-2^ 69 - 79 - 8 ^ Mch2 t f 821 and 
Mch3/ICE-LAP-3 E83 - 85J also cleave PARP. However, 
unlike CPP32, the mechanisms responsible for activa % 
tion of most of the cysteine proteases resulting in acti- 
vation of PARP and of apoptotic cell death are not 
fully understood (Fig. 3). ICE does not cleave 
PARP [68) unless present at a very high concentration 
(50- to 100- fold higher than the concentration needed 
to process IL-lp).* 691 
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It has been postulated™ that PARP is probably not 
the sole substrate of CPP32, because PARP-knockout 
mice develop normally.^ Additional substances trig- 
gered by ICE-related cysteine proteases,, which are 
also critical to the induction of apoptosis, will proba- 
bly be found. A number of cellular proteins, such as 
lamins, are degraded during apoptosis. Like PARP, 
cellular lamins are cleaved into discrete fragments in 
cells undergoing programmed cell death and may have 
a role in the apoptosis cascade. While studying this 
event, Lazebnik et aU™ identified an ICE-like pro- 
tease whose activation is probably a crucial event in 
we terminal phase of apoptosis. As yet, this protein 
has not been cloned, and it remains to be seen if it rep- 
resents an already known member of the ICE family. 



Another signaling mechanism employed in the 
induction of apoptosis is the sphingomyelin pathway. 
Intensive investigation in the past decade have estab- 
lished the role of membrane glycolipids in transmem- 
brane signal transduction. Recent evidence suogests 
that TNF-a, Fas/APO-1 ligand, and ionizing radiation 
utilize the sphingomyelin-ceramide pathway in trig- 
gering apoptosis [reviewed in" 8 "}. Sphingomyelin 
(#-acylsphingosin-l-phosphocholine) is a phospho- 
lipid preferentially concentrated in the outer leaflet of 
the plasma membrane of most mammalian cells 
Extracellular agents such as TNF-a or Fas ligand acti- 
vate sphingomyelinase to generate ceramide and phos- 
phocholine (Fig. 4). Ceramide serves as a second 
messenger of the sphingomyelin pathway, initiating 
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FIGURE 3 Induction of apoptosis by ICE-related cysteine proteases. Activated T lymphocytes excrete both granzymes and perforin. 
Granzyme B enters the target cell through pores generated by perforin and cJeaves and activates CPP32/Yama. The activated CPP32 
(CPP32/apopain) cleaves PARP in a process that ends in DNA fragmentation and apoptotic cell death. ICE rcr lI/TX/ICH2. Need2/1CH-1. and 
Mhc3 also cleave PARP; however, the mechanisms inducing these activities are still unknown. ]CE rer m induces apoptosis through a rriechar 
nism that is yet undefined. 



signaling for several biological agents. In particular, 
ceramide is a potent inducer of apoptosis. The interac- 
tion between either Fas/APO-1 or TNF receptor- 1 
(TNFR-1) and their corresponding natural ligands or 
agonist antibodies results in both upregulation of 
ceramide production and activation of CPP32/apopain 
and Mch3/ICE£AP3 184,1 001 and results in apoptotic 
cell death. 156 ' 98 -" 1 Either suppression of ceramide pro- 
duction^ or inhibition of CPP32 and Mch3/ICE- 
LAP3 by the provirus gene product crmA (56] blocks 
the Fas/APO-1- and TNFR-1 -induced cell death. The 
apoptotic effects of CPP32 and Mch3/ICE-LAP3 
evolve interaction between both molecules f831 and are 



associated with cleavage of PARP. Whether this 
downstream effect is triggered by the sphingomyelin- 
ceramide pathway remains to be seen (Fig. 4). 

Although ICE has been shown to induce pro- 
grammed ceil death, there are at least two indications 
that other ICE-family proteases that do not possess 
pro-IL-ip cleavage activity a^e physiologic inducers 
of apoptosis. First, both macrophage and thymocyte 
apoptosis occur normally in ICE-deficient mic* l,ouo:i 
despite major defects in their ICE-dependent genera- 
tion of mature IL-1(3. Second, in vitro models of apop- 
tosis, in which isolated nuclei undergo fragmentation 
typical of apoptotic cells, implicated CPP32. a pro- 
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FIGURE 4 Role of the sphingomyeUn pathway in the induction of Wosi, Upot, Updta. £ [^^^^£^^1^ 



tease with a different proteolytic specificity from 
ICE. 1683 The central role of €PP32/apopain and other 
ICE family members in cleavage of PARP (but not of 
pro-EL-lp) in mammalian cells suggests that ICE is 
committed mainly to pro-EL-ip cleavage, whereas 
apoptosis is induced- by other members of its family. 
Thus proteases with a great degree of sequence homol- 
ogy may exhibit disparate biological activities. 



ICE INHIBITION 

The cowpox virus serpin, CrmA, is a natural macro- 
molecular inhibitor of ICE.< 5U03] This 31-kDa protein 
plays an important role in the host inflammatory 
response to infection by inhibiting the biosynthesis of 



biologically active IL-lp. t51) CrmA is the only known 
member of the serpin superfamily to inhibit a cysteine 
protease rather than a serine protease. It inhibits ICE 
and other members of this protease family, which 
require Asp in the p-binding pocket for catalysis, 1443 
thus negating their apoptotic effects. 1533 

CrmA is not the only viral product affecting pro- 
grammed cell death. Some viruses produce suppres- 
sors of cell death, presumably to increase virus 
replication. For example, the baculovirus gene p35, 
inhibits virus-induced apoptosis in insect cells, 004,1053 
and the p35 protein is a substrate for and inhibitor of 
the C. elegans cell death protease CED-3 and of the 
CED-3-like vertebrate cysteine protease, indicating 
that p35 may prevent programmed cell death by acting 
as a competitive inhibitor of cysteine proteases. 1953 
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Several cysteine protease inhibitors, both reversible 
and irreversible, have been employed in laboratory stud- 
ies in recent years (reviewed in [m ). The strategies used 
to develop these molecules were applied to the develop- 
ment of ICE inhibitors. The most potent and selective 
inhibitors 007 - 108 * contain the tetrapeptide sequence Ac- 
Tyr-Val- Ala-Asp, which is consistent with the substrate 
specificity of the enzyme (reviewed in 1441 ), Whether 
inhibitors of ICE also inhibit other members of the ICE 
family has not yet been established. 

CLINICAL RELEVANCE OF ICE AND ICE- 
RELATED PROTEASES IN AML 

Whereas activation of the ICE-related cysteine pro- 
teases appears to be a novel though nonspecific option 
for antineoplastic therapy, suppression of ICE activity 
may provide a specific antileukemic therapeutic 
approach. Since endogenously produced IL-lp pro- 
vides AML progenitors with a growth advan- . 
tag e [20.io9.iio] jnhibition of ICE may reduce 

production of the biologically active IL-ip, thus sup- 
pressing AML cell proliferation. 

In a recent study/ 1 11 J we used the ICE inhibitor boc- 
aspartyl (benzyl) chloromethylketone (BACMK t52JI2] ) 
to test the latter hypothesis. BACMK is a small mole- 



cule designed to penetrate cells and bind covalently to 
the active site of ICE. It disrupts the interaction of ICE 
with pro-IL-ip and prevents its cleavage into the bio- 
logically active IL-l(3. ni2] 

We found that BACMK suppresses the proliferation 
of both an IL-1 -responsive AML cell line 
(OCI/AML3) and AML progenitors obtained from the 
bone marrow of 16 AML patients in a dose-dependent 
fashion. The inhibitory effect was reversed by IL- 1 P 
(Fig. 5), and Z-phe-chloromethyl-ketone, a similar 
compound designed to inhibit chymotrypsin-like pro- 
teases, did not affect cellular growth, thus proving its 
specificity. BACMK suppressed the production of the 
biologically-active form of IL-1 P by both OCI/AML3 
and fresh AML cells, suggesting that its inhibitory 
effect is mediated through prevention of mature IL-ip 
production. In contrast, BACMK did not affect 
the growth of IL- 1 -unresponsive AML cell lines or of 
normal marrow hematopoietic progenitors. Other 
investigators attained similar results using antisense 
oligomers forICE. EI13} In summary, these data indicate 
that suppressing ICE activity specifically inhibits 
AML progenitor proliferation, suggesting that ICE 
inhibitors may provide therapeutic benefits in AML. 

Induction of apoptosis in leukemic cells via specific 
stimulation of ICE-related proteases in an appealing 
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possibility, although it is probably not practical. Thus, 
whether suppression of IL-lp production by ICE 
inhibitors or induction of apoptosis by activation of 
ICE-related proteases has clinical significance, 
remains to be determined. 
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RAPID COMMUNICATION 

Inhibition of Interleukin-1 by an Interleukin-1 Receptor Antag nist prevents 

Graft-Versus-Host Disease 

By Philip L McCarthy Jr, Sunil Abhyankar, Steven Neben, Gale Newman, Colin Sieff, Robert C> Thompson, 

Steven J. Burakoff, and James LM. Ferrara 



Graft-versus-host disease IGVHDJ b the ma) reomplieati n 
of allogeneic bone marrow transplantation (BMT). Deregula- 
tion of inflammatory monokines such as tumor necrosis 
factor a (TNFtt) has been noted in both clinical and experimen- 
tal GVHD. We present evidence that iittarieulrin-1 (tL-1), 
another Inflammatory monokine, is an important mediator of 
GVHD. Expression of the gene for IL-1a as wed as the gene for 
TNFa is increased in the skin of mice with GVHD. Inhibition of 
IL*1 function by the in vivo administration of IL-1 receptor 

GRAFT-VERSUS-HOST disease (GVHD) is the pri- 
maiy complication of allogeneic bone marrow trans- 
plantation (BMT). Although GVHD is caused by T cells in 
the donor graft, one manifestation of the disease is the 
deregulation of inflammatory monokines such as tumor 
necrosis factor a (TNFa). 1 " 5 In an experimental model of 
GVHD, TNFa has been shown to induce GVHD lesions 
and inhibition of TNF reduces GVHD in both experimental 
and clinical BMT/ 1 * Several cytokines are deregulated in 
models of in vivo alloreacirvity, including graft rejection and 
GVHD. 7 - 8 Interleukin-1 (IL-1) is a potent cytokine media- 
tor of a variery of inflammatory conditions 110 and has 
similar effects to TNFa both in vitro and in vfvo. n " 12 Wc 
wished to examine the role of IL-1 in the pathogenesis of 
GVHD and asked whether GVHD could be prevented by a 
molecule that inhibits the action of IL-L 

The human IL-1 receptor antagonist (IL-lra) is a recom- 
binant protein that* like its natural analog, competes with 
IL-1 for binding to the type I IL-1 receptor but has no 
agonist activity. 1114 n^lra has been shown to prevent the 
effects of exogenous IL-la in mice," but it has no direct 
effect on the activity of other monokines such as TNF, 1 * (P. 
Kilian, unpublished results). Thus, this protein is a useful 
probe of the involvement of IL-1 in the pathology of a 
complex disease such as GVHD in which multiple cytokines 
are dysregulated. In this study, we investigated the role of 
IL-1 in the pathogenesis of GVHD and show that IL-lra 
blocks the mortality and immunosuppression associated 
with GVHD. 

MATERIALS AND METHODS 

Mice and BMT. CBA and BlO.BR mice were obtained from 
Jackson Labs (Bar Harbor. ME). BMT was performed as previ- 
usiy described.'™ Briefly. CBA or BHLBR mice were adminis- 
icrcd 1300 cGy total body irradiation in a split dose and injected 
intravenously with l x io 7 B10J3R BM cells and 2 x 10* nylon 
wool-passaged B103R splenocytes. Mice were given acidified 
drinking water and kept in isolator cages after transplantation. 

IL'lm administration. Human IL-lra was purified as previously 
described. 11 The allogeneic CBA mice were administered twice 
daily injections of saline or 3 mg/kg of IL-lra intraperitoneally (IP) 
from day 0 through day 10. Syngeneic B10.BR mice were adminis- 
tered nly saline injections. The dose of IL-lra of 3 mg/kg injected 
twice a day was chosen for this study because a d se of 2 mg/kg 
injected rwice a day had no detectable toxicity and provided 
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antagonist (IL-lra) reduces the 
tality of GVHD without impairing the 
matopoletie stem cells. GVHD thus appears 
irmamrrwtory process in which monokines 
appear to be important mediators. Inhibition 
represents a novel approach to the undent inding 
trolofGVm T 
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complete protection against reactivation 

streptococcal ceil wall challenge in rats" (L ^ 
submitted). Ho toxicities were observed either 
schedule of IL-lra or at 10 tiroes the dose (2TW 
a day). The administration of IL-lra at 0.5 mg/k ; 
only 50% protection in the arthritis system. In add ' 
ity studies in rats have shown mat plasma levels 
than 25 ng/mL can be maintained for at least 
mg/kg subcutaneous injection (D. Bloedow, u 
The dose of 3.0 mg/kg injected twice a day was 
the murine GVHD studies based on the rat dad and 
ratio of body surface area to weight in mice}, 
monitored for potential toxicities with 
lymphohematopoictic reconstiturion. 

Messenger RNAfmRMi) detection. RNAwas 
dinhim miocyanate/phenol/chloreform ettractL., 
scribed into cDNA and amplified by potymeraje 
(PCR) as described.* The PCR protocol consiste i 
conditions: denaturation at 95*C for 30 seconds, 
tor 30 seconds, and primer extension at 72*C foi 
reactions were performed for 30 cycles. Sei 
oligonucleotide primers for TNFa, IL-la, and 0 
products of 310, 300, and 348 bp, respective 
published. 11 PCR products were electropboresed 
gel and stained with ethidium bromide. 

Peripheral Mood count determinations. Two 
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of heparinized blood was btaincd from the rctroorbital plexus and 
complete blood count analysis was obtain d by a Technicon H-l 
analyzer (Technicon, Tanyiown. NY), 

Progenitor assays* Mice were killed by cervical dislocation. 8M 
was harvested, prepared as single ceil suspensions, and counted. 
Progenitors were cultured in duplicate for 7 days using the methyl 
cellulose technique and the total number of colonies calculated 
(colony-forming unit granulocyte-macrophage [CFU-GM], x KT 3 /2 
hind limbs) as described." Hematopoietic stem cells were mea- 
sured by injection of BM into irradiated (950 cGy) BtQ.BR mice as 
described. 3 Spleens were harvested at 1Z days (n - A A) and the 
total number of stem cells calculated (CFU-S x 10~ J /2 hind limbs). 

TJympHocytc precursor assay. Four weeks after transplantation, 
mice were killed; and thymus and spleens were prepared as single 
cell suspensions and counted. Splenocytes were placed in culture 
for seven days in 96^cll plates with the mitogen concanavalin A (3 
Mg/mL) under limiting dilution conditions as described. 1 ' Wells 
were pulsed with *H-thymidine (New England Nuclear, Boston, 
MA), harvested, and counted in a beta scintillation counter. Wells 
scored as positive when the counts per minute were higher than 
negative controls by at least 3 standard deviations. The frequency 
of splenic proliferating T-Symphocyte precursors (pPTL) was 
determined by limiting dilution analysis and the total number of 
precursors per spleen was calculated by multiplying their frequency 
by the splenocyte count. 

RESULTS 

Monokine expression in GVHD skin. We first examined 
whether the IL-la gene is transcribed in the skin, a 
principle target organ, using a murine model of GVHD to 
minor histocompatibility antigens. 17 As shown in Fig 1, 
mRNA specific for both TNFa and IL-la are detectable by 
PCR amplification of RNA from the skin of animals with 
GVHD. Neither monokine mRNA is amplified from nor- 
mal skm. Band fidelity was confirmed by hybridization of 
the blotted PCR products to the respective "y-FMabeled 
internal oligonucleotide probes (data not shown). Negative 
controls included amplication of RNA without reverse 
transcriptase that showed no PCR product for p actin. The 
induction of these inflammatory monokines during GVHD 
appears to be specific because no PCR product from the 
mRNA of the lymphokine IL-2 could be detected in the 
skin of animals with GVHD (data not shown). PCR analysis 
was used for this study due to the difficulty in discerning 
TNFa mRNA in the skin of GVHD mice, 34 In addition, we 
were unable to detect significant differences in TNF protein 
production from splenocytes of control and GVHD mice 
using the L929 bioassay (data not shown). Studies are in 
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Rg 1 . Induction of IL-1 a and TNF a m ANA in GVHD akin. RNA was 
isolated from epithelial cells of normal CBA miea (N) or transplanted 
(810.BR — CBA) mice with GVHD |G), reverse transcribed into cDNA. 
and amplified by PCR with primeri for TNFa. IL-la. and a actin. 
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Fin 2. IL-lra reduce* mortality from G>fWD. 
B1Q.BR donor mice were injected into lot lefty 
CBA recipients. The CBA mice were gtvei 
■aline (aV n = 14) or 3 mg/kg of nVtra I > (oV 
through day 10. Survival waa ugniflcam ly 
l ecominj IL-lra \P * .0001, enact log rank t< at). 



progress to localize the specific ceil [ opulations in the skin 
that produce both TNFa and IL-1 a id the effect of IL-lra 
on such production. 

Effect of blocking IL-1 on GVHD, 

the role of IL-1 in GVHD, we tested the effects of an IL-1 



ystemic GVHD in the 



inhibitor, IL-ira T u,IJ for its effects on 

same murine BMT model Transplan s of BM and splenic T 
cells were conducted between dona * B10.BR and lethally 
irradiated recipient CBA mouse stn ins (B10.BR -* CBA] 
that are H-2 identical but differ at nu Itiple minor histocom 
patibility loci that are stimuli for G\|HD." GVHD induces 
profound immunosuppression and 

weeks. Transplanted mice received , „. -fc- .. B „ 

injections for 10 days after transplan tation and were moni- 
tored for signs of GVHD and survtv il (Fig 2). We chose a 
dose and schedule of IL-Ira treatme « based on a regimen 
that gave complete efficacy and no to deity in a rat mode! of 
arthritic inflammation (see Materia s and Methods). The 
saline-treated (B10.BR CBA) mic e developed evidence 
of GVHD within 14 to 21 days after BMT and all animals 
were dead by 40 days after iranspl miation. By contrast, 
80% of the IL-lra-treated (B10JBK — CBA) mice were 
alive at day 15 and showed no e>idence of GVHD as 
manifested by weight loss or fur rufi ing (data not shown) 



BM end T cans from 
irradiated allogeneic 
twice dairy injections of 
(o), n - 14) from day 0 
Improved in the mica 



days after BMT and 



Survival levelled off at 70% after 6X 
shewed long-term protection by IL-1 ra (P » .0001). Synge- 
neic B10.BR transplant recipients ha i a 100% survival at 40 
days (data not shown). These results lrgue for an important 
pathologic role for IL-1 in GVHD. 

Effect of blocking GVHD on immu Te rtconstitution. Im- 
munologic dysfunction is another ma lifestation fGVHDf \ 
and we wished to see if blocking IL-] would ameliorate thtl7 
immunosuppressive effects f GVHD (Table 1). 
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TaWe 1. tHra Prevents the Immunologic Suppression of GVHO 
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CBA (B10.BR — CBA) and B10.BR (B10.BR — B10.BR) mice were 
iranaplamed with B10.BR 6M and spleen calls as described in Materials 
and Memoes. The frequency of splenic pPTL was determined by 
limiting dilution analysis and the total number of precursors per Spleen 
was calculated by multiplying their frequency by the aplenocyte count. 
The standard error ts in parentheses. 



(B10.BR CBA) control mice treated with saline showed 
severely diminished thymic ccllulariry and low numbers of 
pPTL, as previously reported. 18 By contrast. (B10-BR -» 
CBA) mice receiving IL-Ira had 20 times as many thymo- 
cytes and three times as many pPTL per spleen {P = .03) 
when compared with saline-treated (B10.BR ~~ CBA) con- 
trols. These data show that IL-i either directly or indirealy 
plays an important role in the immunosuppression of 
GVHD. 

Effect of blocking GVHD by IL-Ira on hematopoietic 
reconsnmnoru IL-1 is known to be an important factor in 
hemopoiesis. Exogenous IL-i protects mice against radia- 
tion-induced BM aplasia and enhances BM engraftment in 
mice receiving T<el!-4epieted BMT. 3 ^ Recombinant hu- 
man IL-Ira can block the effect of IL-1 on certain aspects of 
hematopoiesis in mice. 15 To determine whether blocking 
the action of endogenous IL-1 might impede engraftment 
of hematopoietic stem cells, we examined engraftment and 
hematopoietic ^constitution in IL-lra-treated animals at 4 
weeks after transplantation. Donor B 1 0.BR marrow en- 
grafted completely in CBA mice receiving IL-Ira as deter- 
mined by the presence of donor B10.BR hemoglobin and 
thymocytes at 4 and 8 weeks after BMT (data not shown). 
In addition, IL-Ira had no deleterious effect on peripheral 
blood counts (Fig 3 A). Hematopoietic reconstitution was 
further quantitated by BM cellularity and the measurement 
of progenitor cells (CFU-GM) and stem cells (day 12 
CFU-S) (Fig 3B), IL-Ira had no deterimental effects on any 
aspect of hematopoiesis; (B10.BR -* CBA) mice receiving 
IL-lra had significantly more day 12 CFU-S than the 
saline-treated (B10.BR-* CBA) animals (P = ,05) and 
approximately 60% of the day 12 CFU-S of syngeneic 
(B10.BR BlO.BR) mice. This increase confirms the abil- 
ity of ILlra to block systemic effects of GVHD and to 
enhance hematopoietic engraftment. 

OISCUSSION 

Current efforts to prevent GVHD have focused on the 
inhibition or elimination of T-cell lymphocytes from the 
donor BM. However, T-cell depletion of donor BM has led 
to an increase in graft failure, poor immunologic reconstitu- 
tion, and relapse of primary BM disease. 28 W have shown 
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that LL-1 is an important mediator of GV HD, confirming 
and extending the observation that exogenous IL-1 ap- 
peared to intensify GVHD in another expe imental murine 
model of BMT, 9 The neutralizati n of end Dgcnous IL-1 by 
IL-lra in vivo improved survival from GVF D and reconsti- 
tution of cell-mediated immunity without retarding he- 
matopoietic engraftment. 

Both TNFa and II^l are induced durfng 
inflammatory states and are intimately 
pathogenesis of inflammation in such 
and allograft rejection.* ' 1 Inhibition 
antibodies in mice with GVHD has led to 
but incomplete inhibition of GVHD mortality, 
this study, blockade of IL-l by IL-lra led 
cant but not complete inhibition of GVHC 
cytokines appear to play significant roles 
ment and propagation of GVHD. Studies 
determine whether both anti-TNF and 
synergize to reduce GVHD mortality, 
progress to determine the optimal dose 
IL-lra administration as w C U as to 
IL-lra will prevent mortality of GVHD 
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Pig 3. Effect of IL-1ra on hematopoietic 
oral blood counts from (B10.BR — CBA) recipients 
(□) were not significantly different from those 
mice given saline O or from (B10.BR — B10. 
saline (■), Peripheral blood counts ere ekpreeaed 
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IB10.BR — CBA] recipients. Hematopoietic stem 
day 12) were greater in mice receiving IL-lra 
controls [P = .05). Total stem cells are expressed 
10°/ 2 hind limbs. Colony-forming units of 
precursors are expressed as CFU-GM x 1Q*V2 
BM cells are expressed es cells x 10 a */2 hind limbi. 
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MHC differences- Inhibition of IL-1 may permit mainte- 
nance of certain critical fundi ns such as immune surveil- 
lance while preventing the nonspecific and deleterious 
effects of systemic inflammation. This drug would be 
another alternative to T-cell depletion as a means f 
controlling GVHD- IL-lra may represent a prototype of a 
class of cytokine antagonists that will serve not only as a 
probe for the pathology of a complex disease process, such 



as GVHD. but, also as a new agen 
treatment of clinical GVHD. 
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Interleukin-1 receptor antagonist halts the progression of 
established crescentic glomerulonephritis in the rat 

Hui Y . Lan, David J. Nkouc-Paterson, Wei Mu, James L. Vannice, and Robert C. Atkins 
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Interleukin-1 receptor antagonist halts the progression of established 
crescentic glomerulonephritis in the rat The pathogenic role of interleu- 
kin-1 (IL-1) in the progression of established rat crescentic glomerulone- 
phritis was investigated by administration of the interleukin-1 receptor 
antagonist (IL-lra). Passive accelerated antiglomerular basement mem- 
brane (GBM) disease was induced in three groups of six rats. One group 
was killed on day 7 with no treatment The other groups received a 
constant infusion of IL-lra or saline from day 7 until being killed on day 
21. All animals developed moderate glomerular injury, a significant loss of 
renal function and marked histological damage including crescent forma- 
tion by day 7. Saline treated animals showed a significant deterioration in 
these parameters over days 7 to 21. In contrast, animals treated with the 
IL-lra over this period showed stabilization of glomerular injury (protein- 
uria; P < 0.001) and a recovery of normal renal function (creatinine 
^-dearance;? < uG5>. Histologically, EMra- treatment suppressed glomex-.. . 
i Jar cell proliferation (PCNA expression; P < 0.001) and significantly 
v inhibited crescent formation (P < 0.005), glomerular sclerosis (P < 0.005), 
tubular atrophy (P < 0.05) and interstitial fibrosis (P < 0.05). A key 
finding was that IL-lra treatment not only stopped renal leukocyte 
accumulation over days 7 to 21 (P < 0.01), but that treatment also 
suppressed immune activation of the infiltrate (P < 0.01). In conclusion, 
this study provides direct evidence that LL1 plays a key role in the 
progressive/chronic phase of renal injury in experimental crescentic glo- 
merulonephritis and indicates that IL-lra treatment may be of therapeutic 
benefit in human rapidly progressive crescentic glomerulonephritis. 



Interleukin-1 (IL-1) is a cytokine which elicits a wide range of 
pro-inflammatory and immunologic effects, including: activation 
of endothelium; stimulation of T and B cell activation; up- 
regulation of leukocyte adhesion molecule expression by many 
cell types; and the induction of a range of cytokines and growth 
factors including interleukins 1, 2, 6 and 8, tumor necrosis 
factor-o, monocyte chemotactic protein-1, platelet-derived 
growth factor, and transforming growth factor-j3, which regulate 
events such as leukocyte chemotaxis and the fibrotic response [1, 
2]. A potential role for IL-1 in proliferative forms of glomerulo- 
nephritis was first suggested by studies in which macrophage- 
derived IL-1 was found to stimulate mesangial cell proliferation in 
vitro [3]. Since then, renal IL-1 production has been detected 
during acute and progressive/chronic phases of experimental 
[4-10] and human glomerulonephritis [11-13]. The main source 
of renal It^l production appears to be infiltrating macrophages 
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[5, 7, 10-13] which are a common feature of almost all forms of 
human and experimental glomerulonephritis [14], although other 
renal cell types such as mesangial cells and tubular epithelial cells 
can also synthesize IL-1 [12, 15]. 

To demonstrate a pathogenic role for IL-1 in glomerulonephri- 
tis it is necessary to block the action of ILrl in vivo. Such an 
approach has been made possible by the identification and 
characterization of a specific IL-1 receptor antagonist (IL-lra) [1, 
16, 17]. Initial studies using the IL-lra targeted acute glomerular 
injury in rat anti-GBM glomerulonephritis which is mediated by a 
transient glomerular neutrophil influx following deposition of 
antibodies on the GBM [18-20]. IL-lra treatment during this 
period had no discernible effect upon neutrophil influx or glomer- 
ular injury. However, an important finding was that a 14 day 
treatment with the IL-lra from the time of anti-GBM serum 
injection produced a marked suppression of the monocyte-depen- 
dent phase of glomerular injury and renal impairment [20]. 
Having demonstrated a key role for 11^1 in the induction of 
monocyte-dependent renal injury, the next question was whether 
blocking IL-1 could intervene in the progressive phase of estab- 
lished crescentic glomerulonephritis. This is an important issu 
because of its relevance to treatment of human disease and in 
' identifying pathogenic mechanisms of renal damage, as a range of 
other mediators of renal injury are produced during the progres- 
sive phase. Hence, this study examined the ability of IL-lra 
treatment to intervene in the progression of established rat 
anti-GBM glomerulonephritis. 

Methods 

Animals 

Inbred male Sprague-Dawley rats (150 g) were obtained from 
the Monash University Animal House. 

Nephrotoxic serum 
Rabbit anti-rat GBM nephrotoxic serum was raised by repeated 
immunization of New Zealand white rabbits with particulate rat 
GBM, as previously described [21]. The anti-GBM serum was 
pooled, decGmplemented and adsorbed extensively against nor- 
mal rat erythrocytes. 

Experimental design 
Passive accelerated anuVGBM disease was induced in 18 rats as 
previously described [20, 22, 23]. Animals were immunized sub- 
cutaneously with 5 mg normal rabbit IgG in Freund's complete 
adjuvant and injected intravenously with 10 ml/kg body weight 
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Fig. L Suppression of renal injury by IL-lra 
treatment. Data for (A) 24-hour urinary protein 
excretion, (B) plasma urea levels, (Q plasma 
creatinine levels, and (D) creatinine clearance 
are shown. Symbols are: saline treated animals 
(♦), IL-lra treated animals (-Q-) . Data are 
expressed as the mean ± sem for each 
experimental group of 6 animals. Untreated 
animals killed on day 7 of anti-GBM disease 
had proteinuria of 228 ± 25 mg/24 hr, plasma 
urea of 18.5 ± 1.2 mmol/liter, plasma creatinine 
of 7Z5 ± 5.8 /tmol/liter, and creatinine 
clearance of 057 ± 0.08 ml/min. Statistical 
differences between untreated and ILlra 
treated groups was assessed by one way analysis 
of variance (ANOVA); * P < 0.05 ** P < 
0.001. 



rabbit anti-rat GBM serum (125 mg IgG/ml) five days later 
(termed day 0). One group of six rats was killed on day 7 with no 
treatment The remaining animals received a constant infusion of 
either human recombinantJLdra (Synergen, Colorado, USA) or 
saline from day 7 until being killed at day 21 by means of an Alzet 
2002 miniosmotic pump implanted under the skin of the back 
which delivered 0.5 /d/hr of 50 mg/ml Il^lra in saline. Following 
pump implantation, all wounds healed cleanly and there were no 
signs of infection when pumps were removed at the end of the 
experiment 

Blood samples and 24-hour urine collections were taken on 
days 0, 7, 14, and 21. Plasma levels of hrll^lra were measured by 
a commercial EUSA (R&D Systems, MN, USA) and were 671 ± 
175 ng/ml (mean it sem) on day 14 and 643 ± 112 ng/ml on day 
21. In addition, one group of six normal rats was also examined. 

Analysis of renal function and proteinuria 
Urinary protein excretion was determined using the Manual 
P nceau Red method. Urinary-blood (hematuria) was determined 
by a standard Combines stick test (Boehringer Mannheim) and 
semi-quantitated into four scores: (1) trace or minor, (2) mild, (3) 
moderate, and (4) severe. Concentrations of plasma and urine 
creatinine were measured using the standard Jaffe rate reaction 
(alkaline picrate), while plasma urea concentrations were mea- 
sured by the NED/OPA assay. All analyses were performed in the 
Department of Biochemistry, Monash Medical Centre. 

Immunofluorescence 
Tissues for direct immunofluorescence staining were frozen in 
liquid nitrogen and 6 jim cryostat sections were stained with 
fluorescein isothiocyanate (FTTQ-conjugated goat polyclonal an- 
tibodies to rat IgG, C3 and fibrinogen or FITC-conjugated sheep 
anu-rabbit IgG (Nordic, the Netherlands). The intensity of anti- 
body staining was semi-quantitatively assessed as: nil (0), mild 
(+), moderate (++), and strong (+ + +). In addition, day 21 
tissues were assessed for deposition of immune reactants by 



semi-quantitative immunofluorescence staining using a blinded 
antibody titration method as previously described [23]. Briefly, 
consecutive cryostat sections from each animal were incubated 
with serial dilution ofJOT^ 

IgG, rat IgG or rat C3 Blinded sections were examined on tfiV- J 
same day and the titer at which antibody staining became unde- 
tectably scored Results are expressed in terms of mean ± sem of 
the inverse antibody titer for groups of six animals. 

Measurement of plasma antibodies 
Plasma levels of rabbit IgG, rat anti-rabbit IgG, rat anti-human 
rlL-lra IgG and total rat IgG were determined by capture EUSA 
as previously described [23]. Briefly, 96-well EUSA plates were 
coated with 100 /d of swine anti-rabbit IgG, normal rabbit IgG, 
human recombinant IL-lra or normal rat IgG (10 /tg/ml in 0.1 m 
cartwnate-bicarbonate buffer, pH 9.0) overnight at 4°Q blocked 
with 2% bovine serum albumin and washed (X4) with 0.05% 
Tween 20 in PBS. Triplicate serum samples (1:1000 dilution) were 
added to wells, incubated for two hours and washed (X4) with 
0.05% TVeen 20 in PBS. Bound rabbit or rat IgG was detected 
using a peroxidase-conjugated sheep anti-rabbit IgG or peroxi- 
dase-conjugated sheep anti-rat IgG (Sigma Chemical Co., St 
Louis, MO, USA) and color development with the OPD substrate 
for 10 minutes in the dark. The reaction was terminated with 3 m 
H 2 S0 4 and optical density (OD) was read at 490 nm on a Dynatec 
MR 5000 ELISA plate reader. The background reading obtained 
with normal rat serum, which was the same as the buffer blank, 
was subtracted from the readings, except for measurement of total 
rat IgG when the buffer blank was subtracted. 

Histopathology 

Tissues for histology were fixed in formalin and 4 ftm parafii- 1 
sections were stained with hematoxylin and eosin or periochV 7 
acid-Schiff. Glomerular and tubulointerstitial damage was scored 
as follows: the percentage of glomeruli exhibiting atrophy/seg- 
mental sclerosis, global sclerosis or glomerular crescent formation 
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was assessed by examination of at least 100 glomerular cross 
sections per animal in periodic acid-Schiff-stained sections. Glo- 
merular hypercellularity was assessed on the basis of total glomer- 
ular cell counts/glomerular cross section (gcs). At least 100 
glomeruli per animal were scored in hematoxylin and eosin- 
stained sections and ranked as follows: (0), normal (less than 50 
cells/gcs); (1), mild (60 to 80 cells/gcs); (2), moderate (80 to 120 
cells/gcs); (3), severe hypercellularity (more than 120 cells/gcs). 
. Tubulointerstitial lesions of tubular atrophy and fibrosis were 
semi-quantitatively analyzed on hematoxylin and eosin-stained 
sections and graded on a scale of 0 to 3 as follows: (0) no apparent 
damage; (1) mild damage, with lesions involving less than 15% of 
the cortex; (2) moderate damage, involving 15 to 30% of the 
cortex; and (3) severe damage, that is, involving more than 30% of 
the cortex and focal accumulation of leukocytes at sites of 
damage. 

Immunoperoxidase staining 

Monoclonal antibodies (mAb) used for immunoperoxidase 
staining were as follows: OX-1, leukocyte common antigen [24]; 
EDI, monocytes, macrophages and some dendritic cells [25]; R73, 
non-polymorphic a£ T cell receptor [26]; OX-8, anti-rat CD8, 
cytotoxic T lymphocytes and NK cells [27]: F17-23-2, MHC class 
II la antigen (RT1-B) [28]; NDS-61, p55 chain of the interleukin-2 
receptor (IL-2R) [29]; PC-10, proliferating cell nuclear antigen 
(PCNA)[30]. 

Tissues for immunoperoxidase staining were fixed in -2%- 
paraformaldehyde-lysine-periodate and serial 6 um cryostat sec- 
tions were labeled with monoclonal antibodies (mAbs) using a 
standard three layer peroxidase-anti-peroxidase method and de- 
veloped with cUammobermdihe as previously described [20, 22]. 
Three layer immunoperoxidase staining with the PC-10 mAb was 
performed on cryostat tissue sections which were pre-treated with 
microwave oven heating for 2 X 5 minutes in 0.01 m sodium 
citrate pH 6.0 at 800 watts as previously described [31, 32]. This 
treatment facilitates antigen retrieval, thereby increasing, the 
sensitivity of PCNA detection. , 

Quantitation of leukocytes in tissue sections 

Leukocyte subpopulations infiltratihg the glomerulus and inter- 
stitium were analyzed by mAb labeling of cryostat tissue sections. 
Cells labeled by each mAb were counted in high power fields 
(X400) of 20 consecutive glomeruli for each animal (this mini- 
mized variation in cell counts caused by differences in glomerular 
cross section areas). The mean of 20 glomerular counts from each 
group of six animals was expressed as cells ± standard error of 
mean (sem) per glomerular cross section. To assess tubulointer- 
stitial leukocyte infiltration, cortical areas were selected at ran- 
dom. The number of labeled cells was assessed from 20 consecu- 
tive high power fields by means of a 0.02 mm 2 graticule fitted in 
the eyepiece of the microscope. These fields progressed from the 
outer to inner cortex, avoiding only large vessels, glomerular and 
imm diate periglomerular areas. For each tissue, the same area 
was examined in serial sections labeled with different mAbs. No 

3 adjustment of the cell count was made for tubules or the luminal 
space. The mean of 20 field counts from each group of six animals 
was expressed as cells per mm 2 ± sem. 

Scoring of histological changes, immunofluorescence and im- 
munoperoxidase staining was performed on coded slides by an 
experienced renal pathologist (HYL). 



1.00 



A Rabbit IgG 




0.75 i 



0.50 



Q 

° 0.25 



0.00 



B Rat anti-rabbit IgG 




7 14 

Disease time course, days 



21 



Fig. 2. Effect of IL-lra treatment on the plasma antibody levels. Plasma 
levels of (A) rabbit IgG, and (B) rat anti-rabbit IgG, were quantitated at 
different times by ELISA. Symbols are: saline treated animals (+-) ; u>lra 
treated animals (-O-). Data are expressed as the mean optical density 
(OD 490 ) ± sem for each group of 6 animals with background subtracted. 
Untreated animals killed on day 7 had 0.85 ± 0.04 and 0.04 ± 0.05 OD 490 
plasma rabbit IgG and 0.05 ± 0.05 and 0.44 ± 0.13 OD 490 plasma rat 
anti-rabbit IgG on days 1 and 7, respectively. 



Statistical analysis 

Data from the measurement of renal function and proteinuria 
over the experimental course were analyzed using the one way 
analysis of variance (ANOVA) program from Complete Statisti- 
cal System (CSS, Statsoft, USA), and individual time points were 
also compared using the unpaired Mest. Data from leukocyte 
infiltration in the two renal compartments was compared using an 
unpaired Mest. Measurements of hematuria and histological 
changes were compared by the non-parametric Mann-Whitney U 
test 

Results 

Renal Junction and proteinuria 
On day 7 of anti-GBM disease, all animals exhibited moderate 
proteinuria, a significant increase in plasma levels of creatinine 
and urea, and a 37% reduction in creatinine clearance (Fig. 1). 
Over days 7 to 21 there was a significant deterioration in saline 
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Table 1. Inhibition of histopathologic^ damage by H^lra treatment 



Glomerulus 



Hypercellularity % 





+ 


+ + 


+ + + 


Untreated 


253 ±2.4 


24.5 ± 1.6 


10.3 ± L5 


Day 7 






Saline 


16.7 ± 3.2 a 


44.5 ± 3.6 b 


29.5 ± 6 a 


treated 






Day 21 








IL-lra 


18.2 ± 1.4 a 


25.0 ± 3.5 b 


13.5 ± 2.3 


treated 






Day 21 









PCNA + 
celllgcs 



Sclerosis % 



Tubulointerstitium 



Segmental Global 



Crescents 


Atrophy 


Fibrosis 


% 


(0-3) 


(0-3) 


14.0 ± 3.2 


L2 ± 0J2 


is + 0.2 


58.5 ± 4.9 b 


2.8 ± 0.2 a 


2.7 ± 0.2 a 


25.0 ± 4.0" 


1.3 ± 0.2 b 


1.5 ± 0.2 a 



*P < 0.05, b P < 0.005, compared to untreated day 7 animals, C P < 0.001, compared to saline treated day 21 animals 



treated animals which developed severe proteinuria, a further 
increase in plasma levels of creatinine and urea, while creatinine 
clearance remained impaired (Fig. 1). This is consistent with 
previous studies in this model in which a very similar disease 
progression was evident in untreated animals over this time course 
[22, 23], 

IL-lra treatment over days 7 to 21 prevented the increase in 
proteinuria seen in saline treated animals, stabilized plasma 
creatinine and reduced plasma urea to normal levels (Fig. 1). Of 
particular note was the finding that IL-lra treatment produced a 
gradual recovery to a normal rate of creatinine clearance fFie 
ID). V 5 * 

On day 7 of anti-GBM disease,- all- animals exhibited moderate 
to severe hematuria (2.3 ± 0.8). In saline treated animals, there 
was an increase in hematuria over days 7 to 21 (3.0 ± 0.4 on day 
21). However, IL-lra treatment resulted in a marked improve- 
ment in hematuria with all animals showing only trace to mild 
hematuria on day 21 (1.0 ± 0; P < 0.05 vs. saline treated). 

Deposition of immune reactants 
Deposition of immune reactants within the kidney was assessed 
by direct immunofluorescence staining of cryostat tissue sections. 
In untreated animals killed on day 7 of anti-GBM disease, .there 
was strong (+ ++) linear deposition of rabbit IgG and moderate 
(++) linear deposition of rat IgG, and C3 along the GBM. In 
addition, moderate (++) fibrinogen deposition was seen within 
Bowman's space in some glomeruli and within the interstitium. At 
day 21, saline treated animals exhibited strong (+ + +) linear 
deposition of rabbit IgG, rat IgG and C3 along the GBM. There 
was also a strong patchy deposition of fibrinogen, rat IgG and C3 
within Bowman's space, crescents and necrotic glomerular capil- 
lary tufts and strong fibrinogen deposition throughout the inter- 
stitium. 

The effect of Il^ira treatment on the intensity of immune 
deposits on the GBM on day 21 of anti-GBM disease was assessed 
by a serial dilution immunofluorescence technique as described in 
the Methods section. There was no difference in the intensity of 
rabbit IgG deposition on the GBM in saline treated and IL-lra 
treated animals (12000 ± 1454 vs. 12800 ± 1905; mean inverse 
antibody titer ± sem, respectively). Similarly, there was ho differ- 
ence in the intensity of rat IgG deposition (900 ± 73 vs. 940 ± 39) 
or C3 deposition (4800 ± 762 vs. 3290 ± 953) in saline and IL-lra 
treated animals, respectively. However, IL-lra treated animals 
showed little, if any, deposition of rat IgG, C3 and fibrinogen 



within Bowman's space and had only mild (+) fibrinogen depo- 
sition throughout the interstitium. 

Quantitation of plasma antibody titers by ELISA was per- 
formed to check that all animals received an equivalent dose of 
rabbit anti-GBM serum and to examine whether IHra treatment 
had any suppressive effect on the humoral immune response. 
Figure 2A shows that high plasma levels of rabbit IgG were still 
evident 24 hours after injection of anti-GBM serum and had 
almost disappeared by day 7. There was no difference in plasma 
rabbit IgG levels in any of the experimental groups. The time 
course of the rat anti-rabbit IgG response is shown in Figure 2P N 
Rat anti-rabbit IgG was detected xm xiay 1 reflecting the facttT y 
these-animals were primed with rabbit IgG. There was a fourfold" - 
increase in rat anti-rabbit IgG levels on day 7 and the response 
remained at this level to day 21. No differences in rat anti-rabbit 
IgG levels were apparent between the saline and IL-lra treated 
groups. Similarly, there was no difference in plasma levels of total 
rat IgG on day 21 (0366 ± 0.017 vs. 0377 ± 0.024 OD^ in saline 
and IL-lra treated animals respectively; P = NS). Of note was a 
small antibody response to the administered human IL-lra on day 
21 (0.013 ± 0.004 OD 490 ) which was absent in saline treated 
animals. 

Histopathology 

A detailed evaluation of renal histopathology was made on all 
three groups of animals (Table 1). On day 7 of anti-GBM disease, 
untreated animals displayed significant renal lesions. These un- 
treated animals exhibited mild to severe hypercellularity in 60% of 
glomeruli and there was marked glomerular cell proliferation as 
assessed by PCNA expression (12.8 ± 1.2 vs. 2.0 ± 1.8 PCNA + 
cells/gcs in normal rats; P < 0.01)/Segmental glomerular sclerosis 
and crescent formation were also evident on day 7 of disease as 
was mild tubular atrophy and fibrosis (Table 1). In saline treated 
animals, there was a pronounced deterioration in renal histopa- 
thology by day 21 of the disease. Both the percentage and severity 

of glomerular hypercellularity increased while the number-rif 

PCNA 4 * glomerular cells remained high. In addition, there was a 
marked increase in glomerular segmental and global sclerosis and 
crescent formation as well as severe tubular atrophy and fibre 

Renal histopathology changes between IL-lra and saline trd 
ment animals at day 21. IL-lra treatment essentially haltea 
deterioration of renal histopathology over the days 7 to 21 period 
(Table 1). The percentage of hypercellular glomeruli and the 
severity of glomerular hypercellularity was similar in EL-lra 
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Fig. 3. Suppression of renal leukocytic infiltration and immune-activation by 
IL-lra treatment. Total leukocytes and leukocyte subsets were analyzed by 
labeling serial tissue sections with mAbs. Abbreviations are: OX-1, total 
leukocytes; EDI, macrophages; R73, total T cells; F. 17.23.2, MHC class II 
I-A antigen; NDS 61, IL-2R. (a) Quantitation of leukocyte infiltration in 
the glomerulus, (b) Quantitation of leukocyte infiltration in the tubuloin- 
terstitium. Data are expressed as the mean ± sem for each group of 6 
animals. Open bars represent untreated day 7 anti-GBM disease. Closed 
bars represent day 21 saline treated animals. Hatched bars represent day 
21 IL-lra treated animals. Data for antibody labeling of normal rat 
glomeruli are as follows: 0.94 ± 0.10 OX-l + cells/gcs; 0.76 ± 0.10 ED1 + 
cells/gcs; 0.34 ± 0.10 R73 + cells/gcs; 1.1 ± 0.21 F.17.23.2+ cells/gcs; 0 ± 
0 NDS 61 + cells/gcs. Data for antibody labeling of normal rat interstitium 
are as follows: 99.4 ± 10.2 OX-l + cells/mm 2 ; 26.0 ± 1.4 ED1 + cells/mm 2 ; 
31.4 ± 6.7 R73 + cells/mm 2 ; 99.0 ± 7.0 F.17.23.2+ cells/mm 2 ; 0 ± 0 NDS 
61 "*" cells/mm 2 . Statistical differences between the different groups was 
assessed by unpaired Mest: * P < 0.05, ** P < 0.01, *** P < 0.001, or not 
significant (NS). 



treated animals at day 21 and untreated animals at day 7, while 
glomerular cell proliferation was markedly inhibited by IL-lra 
treatment (Table 1). Glomerular segmental and global sclerosis 
and crescent formation were not different in IL-lra treated 
animals compared to untreated animals at day 7. Similarly, 
tubular atrophy and interstitial fibrosis were also unchanged. An 
example of histological damage in an IL-lra treated animals is 
^shown in Figure 3b. 

/' ■ 
Glomerular leukocytic infiltration 

Renal leukocytic accumulation and immune activation was 
examined by mAb labeling of cryostat tissue sections. There was a 



prominent glomerular leukocyte infiltrate on day 7 of anti-GBM 
disease (11.4 ± 1.3 vs. 1.1 ± C.2 OX-1+ cells/gcs in normal rats; 
P < 0.001) which was composed of ED1 + macrophages (Fig. 3a). 
There was no significant increase in glomeruli R73 + T cells (Fig. 
3a) or CD8 + cells (0.53 ± 0.1 vs. 0.24 ± 0.1 CD8 + cells/gcs in 
normal; P = NS), although there was an increase in the number of 
CD4 + cells (3.47 ± 0.3 vs. 0.56 ± 0.12 CD4 + cells/gcs in normal; 
P < 0.05) which presumably reflects a subpopulation of CD4 + 
macrophages. There was also a significant increase in the number 
of glomerular cells expressing MHC class II antigens (5.1 ± 0.6 vs. 
1.2 ± 0.2 MHC class H + <^lls/gcs in normal rats; P < 0.05) which 
may be "activated" macrophages or mesangial cells. 

In saline treated animals, there was no significant change in the 
pattern of glomerular leukocytic infiltration or MHC class II 
expression over days 7 to 21 (Fig. 3a). However, IL-lra treatment 
over this period significantly reduced glomerular macrophage 
infiltration in comparison to saline treated animals (Fig. 3a). 

Interstitial leukocytic infiltration 

The composition of interstitial leukocytic infiltration was differ- 
ent to that seen in the glomerulus (Fig. 3). On day 7 of anti-GBM 
disease there was a significant interstitial leukocyte infiltrate (735 
± 81 vs. 102 ± 16 OX-l + cells/mm 2 in normal rats; P < 0.001) 
which was composed of both ED1 + macrophages and R73"*~ T 
cells. There was evidence of immune activation of the mononu- 
clear cell infiltrate as shown by interleukin-2 receptor (IL-2R) 
expression and the prominent accumulation of MHC class E + 
cells within me -mterstidum^Fig..3h). The T.cell infiltrate con- 
tained both CD8 + cells (109 ± 8.5 at day 7 vs. 38.0 ± 8.0 CD8 + 
cells/gcs in normal; P < 0.05) and CD4 + cells (570.5 ± 94 vs. 92.0 
± 23.8 CD4+ cells/gcs in normal; P < 0.01), although many 
macrophages also expressed the CD4 antigen. 

There was a significant increase in the number of interstitial 
ED1 + macrophages and R73 + T cells in saline treated animals 
over days 7 to 21. Of particular note was the marked increase in 
the number of immune-activated mononuclear cells — both IL- 
2R + cells ( f 283%) and MHC class II + cells ( 1 111%)— during 
this period. Many of these activated cells were seen in focal 
infiltrates of T cells and macrophages around and within damaged 
tubules and immediately adjacent to areas of Bowman's capsule 
rupture. However, there was no change in the number of CD8* 
cells (109 ± 8.5 at day 7 vs. 103 ± 9.4 CD8 + cells/mm 2 at day 21; 
P = NS) while the number of CD4 + cells was increased (5703 ± 
94 at day 1 vs. 8465 + 41 CD4+ cells/mm 2 at day 21; P < 0.01). 
This indicated that the increased number of R73 + T cells seen in 
saline treated animals was due to accumulation of CD4 + T cells. 

IL-lra treatment completely stopped interstitial leukocyte ac- 
cumulation and immune activation over the 7 to 21 day period 
(Fig. 3b). The suppression of aggressive focal leukocytic infiltrates 
was associated with a marked reduction in tubular damage and 
interstitial fibrosis. 

Discussion 

This study has evaluated the effect of Il^lra treatment on the 
progression of established rat accelerated anti-GBM disease— a 
severe model of glomerulonephritis which exhibits many features 
similar, to that of human rapidly progressive glomerulonephritis. 
In this model, significant glomerular injury, renal function impair- 
ment and histological damage was evident on day 7 which rapidly 
progressed to a severe form of crescentic glomerulonephritis by 
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day 21 IL-lra treatment over days 7 to 21 halted the progression 
of established disease as demonstrated by: (i) stabilization of 
proteinuria and reduction of hematuria, (ii) reversal of renal 
function impairment, and (iii) inhibition of renal histopatbologi- 
cal damage. The ability of IL-lra treatment to intervene and halt 
disease progression in this model demonstrates a key pathogenic 
role for IL-1 in crescentic glomerulonephritis. Indeed, the ability 
to halt disease progression by targeting just one cytokine is most 
impressive considering that a range of other cytokines and 
mediators of renal injury are also produced during the disease 
process [33]. This argues that the cytokine network in vivo 
operates in an interdependent fashion rather than exhibiting 
functional redundancy as suggested by their many overlapping 
functions in vitro. 

The suppression of rat anti-GBM disease by IL-lra treatment 
uidicates that IL-1 acts at several levels in disease pathogenesis 
Possible mechanisms of IL-lra mediated suppression of disease 
progression are discussed below. . 

T cells and macrophages play a crucial role in the induction and 
progression of experimental anti-GBM disease [22, 34-38]. Glo- 
merular macrophages are associated with glomerular hypercellu- 
larity, crescent formation and glomerulosclerosis, while in the 
interstitium aggressive focal accumulation of activated T cells 
(IL-2R+) and macrophages is associated with tubular atrophy 
Bowman's capsule rupture, granuloma formation and interstitial 
fibrosis. This disease is different to the NK (CD8 + ) cell-depen- 
dent anti-GBM disease induced in the susceptible WKY rat strain 
P9J, as it features a progressive accumulation and activation of- 
CD4 T cells within the interstitium, while CD8 + cell numbers do 
not change during disease progression over days 1 to 21 [22] The 
ability of IL-lra treatment of established anti-GBM disease to 
reduce glomerular macrophage accumulation compared to saline 
treated animals and to completer/ halt interstitial T cell and 
macrophage accumulation and activation over this period was 
associated with the stabilization of glomerular injury and the 
cessation of histological damage. This suppression of leukocyte 
infiltration and activation is consistent with previous studies in 
which IL-lra treatment prevented the development of glomerular, 
and in particular, interstitial leukocyte infiltration during' the 
induction phase of rat anti-GBM disease by suppressing up- 
regulation of renal ICAM-1 (CD54) expression [20, 40]. 

Glomerular hypereellulariry is a feature of proliferative forms 
of glomerulonephritis and results from an increased number of 
mesangial cells and glomerular leukocyte infiltration [41]. The use 
of double immunohistochemistry staining has demonstrated that 
most glomerular PCNA + cells detected in human and experimen- 
tal models of glomerulonephritis are proliferating mesangial cells 
[41, 42]. In our study, IL-lra treatment appeared^ suppress 
glomerular hypercellularity through inhibition of mes^fekceU 
proliferation as evidenced by the marked reduction in the number 
of glomerular PCNA + cells. This could be a direct effect since 
IL-1 is a mesangial cell growth factor in vitro [3]. However IL-lra 
treatment could also act indirectly through suppression of pro- 
duction of other mesangial cell growth factors such as IL-6 or 
platelet-derived growth factor (PDGF) by mesangial cells or 
infiltrating macrophages [31, 43]. 

One further mechanism by which blocking IL-1 action could 
inhibit rat anti-GBM disease is through modulation of the hu- 
moral immune response. In this model, there is a strong systemic 
immune response to the immunizing rabbit IgG and the subse- 



quent challenge with rabbit nephrotoxic serum [44]. Semi-qi 
titative immunofluorescence staining found that IL-lra treatment 
TVSf?"* UpOD *** de P° sition of rabbit IgG, rat IgG or C3 on 
the GBM. In addition, IL-lra treatment had no measurable effect 
upon plasma levels of ratanti-rabbit IgG antibody throughout the 
disease cours . Thus, blocking IL-1 did not affect the systemic 
humoral immune response. Indeed, a mild antibody response to 
the administered human IL-lra was detected, consistent with a 
report that the IL-lra does not inhibit antigen specific responses 
tn vivo [45]. r 

Further studies of established experimental crescentic glomer- 
ulonephritis are warranted to determine: (1) whether disease 
remains suppressed when IL-lra treatment is 1 stopped, and (2) 
how rapidly IL-lra treatment is able to halt disease progression. 

In conclusion, this study provides the first direct evidence that 
IL-1 plays a key pathogenic role in the progressive/chronic phase 
of renal injury in experimental crescentic glomerulonephritis. This 
study also demonstrates the therapeutic potential of the IL-lra for 
treatment of human rapidly progressive glomerulonephritis. 
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Attenuation of Delayed Neuronal Death After Mild Focal 
Ischemia in Mice by Inhibition of the Caspase Family 
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Summary: Inhibitors of apoptosis and of excitotoxic cell 
death reduce brain damage after transient and permanent 
middle cerebral artery occlusion. We compared the neuropro- 
tective effects of two caspase family inhibitors with the N- 
methyl-D-aspartate receptor antagonist (+)-MK-80l hydrogen 
maJeate (MK-801) in a newly characterized cycloheximide- 
sensitive murine model of transient middle cerebral artery oc- 
clusion (30 minutes) in which apoptotic cell death is prominent. 
Ischemic infarction, undetected by 23,5-triphenyltetrazolium 
chloride staining at 24-hour reperftision, featured prominently 
in the striatum at 72 hours and 7 days on hematoxylin-eosin- 
stained sections. Markers of apoptosis, such as oligonucleo- 
somal DNA damage (laddering) and terminal deoxy nucleo- 
tidyl trans ferase-mediated dUTP-biotin nick-end labeling 
(TUNEL)-positive cells first appeared at 24 hours and in- 
creased significantly at 72 hours and 7 days after reperfusion. 
The TUNEL-labeled cells were mostly neurons and stained 
negative for glial (GFAP, glial fibrillary acid protein) and leu- 
kocyte specific markers (GD-45). The caspase inhibitors, 
/^-benzyioxycarbonyl-Vai-Ala-Asp-fluoromethyl ketone (z- 
VAD.FMK; 120 ng intracerebroventricularly) or N~ 
benzyloxycarbonyl-Asp-Glu-Val-Asp-fluoromethyi ketone (z- 
DEVD.FMK; 480 ng intracerebroventricularly) decreased in- 
farct size and neurologic deficits when administered 6 hours 
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Glu-Val-Asp-fluoromethyl ketone; z-VAD.FMK, /V-benzyloxy- 
carbonyl-ylVal-Ala-Asp-fluoromethyl ketone. 



after reperfusion. The extent of protection was greater than in 
models of more prolonged ischemia or after permanent occlu- 
sion, and the therapeutic window was extended from 0 to 1 
hours after 2-hour middle cerebral artery occlusion to at least 6 
hours after brief ischemia. Also, z-VAD.FMK and z- 
DEVD.FMK treatment decreased oligonucleosomal DNA 
damage (DNA laddering) as assessed by quantitative autoradi- 
ography after gel electrophoresis. By contrast, MK-801 pro- 
tected brain tissue only when given before ischemia (3 mg/kg 
intraperitoneaily), but not at 3 or 6 hours after reperfusion. 
Despite a decrease in infarct size after MK-801 pretreatment. 
the amount of DNA laddering did not decrease 72 hours after 
reperfusion, thereby suggesting a mechanism distinct from in T 
hibition of apoptosis. Hence, 30 minutes of reversible ischemia 
augments apoptotic cell death, which can be attenuated by de- 
layed z-VAD.FMK and z-DEVD.FMK administration with 
preservation of neurologic function. By contrast, the therapeu- 
tic window for MK-801 does not extend beyond the time of 
occlusion, probably because its primary mechanism of action 
does not block the development of apoptotic cell death. Key 
Words: interleukin-ip converting enzyme family caspascs — 
Apoptosis — Cerebral ischemia — Delayed neuronal death — 
Mice. 



Several laboratories provide evidence for cell death by 
an apoptotic mechanism in animal models of cerebral 
ischemia (Li etaL, \995a t b,c\ MacManus et al., \995a,b; 
Charriaut-Marlangue et al., 1996). Apoptosis is a cell 
suicide program under active cell control. The interleu- 
kin-13 converting enzyme (ICE) family caspases, impli- 
cated in apoptotic cell death (Yuan and Horvitz, 1990; 
Ellis et al., 1991), are the human homologues of the 
nematode Caenorhabditis elegans CED-3. Eleven mem- 
bers of this family have been identified, which share a 
common QACXG consensus sequence (Alnemri et al., 
1996). Caspase 1 (ICE) cleaves a pro-interleukin-10 31- 
kilodalton (kd) protein to generate mature 17.5-kd inter- 
leukin-10, which is involved in inflammatory reactions 
(Dinarello, 1994), apoptosis (Friedlander et al., 1996), as 
well as focal and global cerebral ischemia (Saito et al., 
1996; Liu et al., 1993). Caspase 3 (CPP32), another im- 
portant family member implicated in apoptotic cell 
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death, cleaves poly(ADP-ribose)polymerase and DNA- 
dependent protein kinase delta, among other substrates 
(Tewari et al„ 1995; Nicholson et aL, 1995). 

Reports from our laboratory show that peptide inhibi- 
tors of the caspase family (Af-benzyloxycarbonyl-Val- 
Ala-Asp-fluoromethyl ketone [z-VAD.FMK] and N- 
benzyloxycarbonyl-Asp-Glu-Val-Asp-fluoromethyl ke- 
tone [z-DEVD.FMK]) are neuroprotective after focal 
reversible cerebral ischemia in mice and rats (Hara et aL, 
1997a). Both drugs reduced tissue injury and associated 
neurologic deficits after 2-hour middle cerebral artery 
occlusion (MCAO) when assessed at 24 and 72 hours 
(Hara et aL, 1997a). Interleukin-lfi formation, a product 
of ICE cleavage, was significantly blocked by z- 
VAD.FMK, a rather unselective caspase inhibitor, but 
not by the putative caspase 3 inhibitor z-DEVD.FMK. 
Smaller infarcts also were observed in transgenic mice 
expressing a dominant negative mutation of ICE (Fried- 
lander et aL, 1997; Hara et aL, 1997Z>). Cleavage of pro- 
inter leukin-10 is important to the development of isch- 
emic damage (Reiton and Rothwell, 1992; Yamasaki et 
aL, 1995) as is a cascade that may involve activation of 
caspase 3. We speculated that an important mechanism 
by which z-VAD and z-DEVD decrease infarct size re- 
lates to blockade of ischemia-induced apoptosis and in 
this report, we tested the effects of peptide methyl- 
ketones in a murine model of brief (30 minutes) transient 
focal c rebral ischemia. 

Mild injury augments apoptotic cell death in in vitro 
and in vivo models of cell injury, including brain isch- 
emia. In the rat, infarct development is delayed until 3 
days after 30 minutes of distal middle cerebral artery 
occlusion whereas tissue damage develops much earlier 
(within 24 hours) after 90 minutes or 2 hours of revers- 
ible MCAO. In this rat model, terminal deoxynucleotidyl 
transferase-mediated dUTP nick-end labeling (TUNEL)- 
positive cells and laddered DNA are present in the peri- 
infarct zone, suggesting a role for apoptotic cell death 
(Du et aL, 1996). 

In the current study, we developed a model of mild 
ischemia in mice showing delayed infarct development 
and delayed appearance of several apoptosis markers 
(TUNEL staining, DNA laddering). We then evaluated 
the efficacy and the treatment window of two caspase 
inhibitors. We determined whether inhibition of caspase 
family members by the use of peptide methylketones 
decreases DNA laddering in ischemic tissue as measured 
by densitometry on agarose gels. Delayed therapeutic 
intervention — possibly directed against apoptotic 
death — may become an important therapeutic strategy to 
reduce mildpschemic insults (Du et aL, 1996). 

METHODS 
Drugs ; 

Both z-VAD.FMK and z-DEVD.FMK were obtained from 
Enzyme Systems Products (Dublin, CA, U.S.A.). The com- 



pounds were dissolved in 0.3% dimethy Sulfoxide (DMSO; 
MC/B, Norwood, OH, U.S.A., prepared with 0. 1 M phosphate- 
buffered saline [PBS] pH 7.4). Cycloheximide (Chex) was pur- 
chased from Sigma (St. Louis, MO, U.S.A.) and dissolved in 
PBS. We obtained (+)-MK-80t hydrogen maleate (MK-801) 
from Research Biochemicals International (Natick, MA, 
U.S.A.) and dissolved it in PBS. 

Physiology 

Regional cerebral blood flow (rCBF) was measured by La- 
ser-Doppler flowmetry (PF2B, Perimed, Stockholm, Sweden) 
along with arterial blood pressure and heart rate as described 
(Hara et aL, 1996, 1997a,£>). Arterial blood samples (50 pL) 
were analyzed for pH, oxygen (PaOj), and carbon dioxide 
(PacoJ using a blood gas/pH analyzer (Corning 178, Ciba- 
Corning Diagnostics, Medford, MA, U.S. A.). Core temperature 
was maintained at 36.5° ± 1°C with.a temperature control unit 
(FHC, Brunswick, ME, U.S.A.) and a heating lamp (Skytron, 
Daiichi Shomei, Tokyo, Japan} until I hour after reperfiision 
and during the treatment and monitoring period. With the ex- 
ception of MK-801 experiments (see treatment protocol), ani- 
mals were kept at room temperature during the reperfusion 
period. For physiologic monitoring, animals (selected ran- 
domly) were monitored for rCBF and physiologic parameters 
before and during ischemia, and until 30 minutes after reper- 
fusion for different reperfusion protocols (24 and 72 hours; n 
= 4 per group). In an earlier study, we determined that intra- 
cerebro ventricular pretreatment with peptide methylketones. 
had no obvious effects on rCBF, mean arterial blood pressure, 
heart rate, core temperature, and arterial blood gases (Hara et 
al., 1997a). 

Ischemia mode! 

Adult male I29/SV mice (18 to 20 g, Taconic farms, Ger- 
mantown, NY, U.S.A.) were anesthetized with i.5% halothane 
for induction and maintained on 1.0% halothane in 70% N 2 0 
and 30% 0 2 using a Fluotec 3 vaporizer (Colonial Medical, 
Amherst, NH, U.S.A.)* Ischemia was induced with a 8.0 nylon 
monofilament coated with silicone resin/hardener mixture 
(Xantopren and Elastomer Activator, Bayer Dental, Osaka, Ja- 
pan), as described previously (Hara et a!., 1996). The filament 
was introduced into the left internal carotid artery up to the 
anterior cerebral artery. For filament withdrawal, the animals 
were briefly reanesthetized. The MCAO procedures were per- 
formed by two investigators (M. E. examined the effects of 
z-VAD.FMK and MK-801 experiments, whereas M. S. -S. 
tested z-DEVD.FMK). 

Treatment protocol 

Both z-VAD.FMK (120 ng) and z-DEVD.FMK (160 ng or 
480 ng) were injected intracerebroventriculariy (2 |xL; bregma 
-0.9 mm lateral, -0.1 mm posterior, -3.1 mm deep) either 10 
minutes before ischemia or 6, 12, or 1 8 hours after reperfusion. 
Control animals were injected with 2 jxL of 0.3% DMSO. 
Cycloheximide (10 mg/kg) was administered intraperitoneally 
.1 day before ischemia. MK-801 (3 mg/kg) was administered 
intraperitoneally 10 minutes before ischemia or 3 or 6 hours 
after reperfusion. Control animals were injected intraperito- 
neally with a corresponding volume of PBS. Since hypothermia 
is a well known consequence of MK-801 treatment, animals 
were kept in an incubator (ThermoCare System, Incline Vil- 
lage, NV, U.S.A.) at 30 to 31°C for 6 hours after treatment to 
maintain a body temperature of 37°C. Core temperatures were 
measured using a thermometer (BAT-12, Physitemp, Clifton, 
NJ, U.S JV.) after 3 and 6 hours. Control mice (36.8° ± 0.2°C at 
3 hours and 36.7° ± 0.2°C at 6 hours) did not differ from 
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MK-801-injected animals (36.7° ± 0.1 °C at 3 hours and 36.7° 
± 0.2°C at 6 hours). 

Infarct measurement 

For survival longer than 24 hours, infarct size was measured 
from hematoxylin-eosin (H&E)-stained sections, whereas tri- 
phenyltetrazolium chloride (TTC; Sigma, St. Louis, MO, 
U.S.A.) stained 2-mm coronal sections were used to assess 
injury after shorter periods of occlusion. For H&E-stained sec- 
tions, the brains were first immediately frozen in 2- 
methylbutane on dry ice and then sectioned. For TTC staining, 
animals were decapitated, and the brains were divided into five 
coronal 2-mm sections using a mouse brain matrix (RBM- 
2000C, Activational Systems, MI, U.S.A.) and stained with 2% 
2,3,5-TTC. Infarction volume was quantitated in TTC-stained 
sections or in H&E-stained cryostat section (12 jam) with an 
image analysis system (M4, Imaging Research, St. Catherines, 
Ontario, Canada) and calculated by summing the volumes of 
each section determined directly (Huang et al., 1994) or indi- 
rectly using the following formula: contralateral hemisphere (in 
cubic millimeters) minus undamaged ipsilateral hemisphere (in 
cubic millimeters) (Swanson et al., 1990). Differences between 
* 'direct" and "indirect" volumes are likely to be accounted for 
by brain swelling. 

Neurologic deficits 

Mice were tested for neurologic deficits and scored as de- 
scribed by Bederson and others (1986) with the following mi- 
nor modifications (Hara et al., 1996): 0, no observable neuro- 
logic deficit (normal); 1, failure to extent right forepaw (mild); 
2, circling to the contralateral side (moderate); 3, loss of walk- 
ing or righting reflex (severe). The rater was naive to the treat- 
:ment protocol and to the group's identity. Assessments were 
%nade at 30 minutes after onset of ischemia and 24 and 72 hours 
(if necessary) after reperfusion. 

DNA analysis 

Samples were obtained at different time points after 30 min- 
utes of transient MCAO. Ischemic striatal tissue was taken 
from the third 2-mm section along with homologous tissue 
from contralateral side after the brain was cut coronally with a 
brain matrix. For quantitation of DNA damage, a terminal 
transferase-dependent [ 32 P]ddATP end-labeling method was 
used (Tilly and Hsueh, 1993) with minor modifications, as 
described previously (Hara et al., 1997&). Three micrograms of 
DNA were used in the labeling procedure together with 35 ng 
of a 100-base pair (bp) DNA fragment as an internal standard. 
Electrophoresis was performed on the DNA on a 2.0% agarose 
gel (agarose 3:1, Amresco, Solon, OH, U.S.A.), autoradio- 
graphed together with a [ 32 P] standard, and analyzed with the 
M4 image analysis system. DNA less than 10 kb was used as 
an index of total DNA fragmentation. To measure oligonucleo- 
somal damage more specifically, laddered DNA less than 1000 
bp was measured by summing the areas of each peak (areas 
under the curve) minus baseline densitometry readings. The 
method of quantitation was validated using an artificial 
"smear-ladder" system in which smeared DNA was extracted 
from a decapitated mouse brain and incubated at 37°C for 48 
hours (MacManus et al., 1995Z>). In a total amount of 1 u,g of 
DNA; 0.02, 0.04, 0.08, and 0.12 |xg of a commercially avail- 
able 200-bp ladder (Invitrogen, Carlsbad, CA, U.S.A.) were 
added to a constant amount of smeared DNA (Fig. 1). In an- 
other experiment, increasing amounts of smeared DNA (0.3, 
0.5, 0.7, 0.9 |xg) were added to a constant amount of ladder (0. 1 
pig). The measurements for "total DNA fragmentation" and 



"DN A laddering" were related linearly to the amount of total 
(smeared) and laddered DNA (error < 10%). 

Terminal deoxynucleotidyl transferase-mediated 
dUTP nick-end labeling 

The TUNEL staining was carried out according to the 
method of Gavrieli and others (1992) with minor modifications 
according to Wood and associates (1993). Terminal deoxy- 
nucleotidyl transferase and biotinylated dUTP were obtained 
from Boehringer Mannheim (Mannheim, Germany). The bio- 
tinylated dUTP was visualized by the avidin-biotin method 
with 3'-3' diaminobenzidine as chromogene. The reaction was 
intensified with 0.04% nickel chloride. For negative controls, 
either terminal deoxynucleotidyl transferase or biotinylated 
dUTP was omitted. For positive controls, the sections were 
treated with DNase I. 

For cell counts, sections were counterstained lightly with 
H&E. Following a systematically random sampling scheme and 
based on stereologic techniques (Gundersen, 1992; West, 1993; 
G6mez-Isla et al., 1996), five coronal sections (12 |xm) were 
selected, taken at equally spaced intervals (2 mm) through the 
full rostrocaudal extent of the brain. The boundaries of the area 
occupied by TUNEL-positive cells within each section were 
marked using the Bioquant Image analysis system (Nashville, 
TN, U.S.A.). The entire volume of the lesion occupied by 
TUNEL-positive cells was calculated according to the principle 
of Cavalieri (Cavalieri, 1966). Within each section with 
TUNEL-positive cells, a systematically random sampling 
scheme was applied to count cells. The total number of 
TUNEL-positive cells in each brain was estimated by using 
-80 optical dissectors and a 40 x objective. Each optical dis- 
sector was a 100 x 100 u>m sampling box with extended ex- 
clusion edges. The appropriateness of the sampling scheme 
chosen was evaluated by calculating the precision of the esti- 
mates in each animal, expressed as the coefficient of error 
(West and Gundersen, 1990). In all cases, the coefficient of 
error was less than 0.10, suggesting that a minimal amount of 
variance in the counts can be attributed to the technique. The 
calculation of total number of TUNEL-positive cells was per- 
formed by multiplying the volume density of TUNEL-positive 
cells by the total volume occupied by TUNEL-positive stain- 
ing. 

Glial fibrillary acid protein immunohistochemistry/ 
TUNEL double staining and CD-45 (leukocyte 
common antigen) immunohistochemistry 

Glial fibrillary acid protein (GFAP)/TUNEL double staining 
was performed to determine if glial cells show TUNEL stain- 
ing. The TUNEL staining protocol was performed as described 
earlier. Subsequently, sections were washed and blocked with 
10% normal goat serum in PBS. GFAP double labeling was 
performed with a rabbit GFAP polyclonal antibody (1:500, 
Dako Corporation, CarpinUera, CA, U.S.A.) using a three-stage 
avidin-biotin method and biotinylated goat anti-rabbit IgG as 
secondary antibody. The reaction product was visualized with 
3-aimno-9-ethylcarbazoIe reagent (Elite PK 6101 Kit, Vector 
Laboratories, Burlingame, CA, U.S.A.). For controls, single 
GFAP immunostaining was performed in adjacent sections. 

To identify inflammatory cells, CD-45 (leukocyte common 
antigen) immunohistochemical study was performed on adja- 
cent sections with a purified rat anti-mouse antibody (1:500, 
Clone 30F1L1, Pharmingen, San Diego, CA, U.S.A.) and a 
three-stage avidin-biotin method with a biotinylated rabbit 
anti-rat IgG (BA 4001, Vector Laboratories) as secondary an- 
tibody. 



/ r** 0 U *7/>u, \A*tnh> l/A/ I ft A//» i tQQJt 



CASPASE INHIBITORS ATTENUATE MILD FOCAL ISCHEMIA 



241 



A. M 0.12ng 0.08jig0.04^g g # 




DNA laddering 




io.hi fo-oei io.«i 5 2 £ S 5 S g S § 

«~ CM W CO h- CD CM 



FIG. 1. Quantitative evaluation of "laddered" ahd "smeared" DNA by agarose gel electrophoresis. To validate the method, decreasing 
am unts of laddered DNA (0.12 ug, 0.08 ug, 0.04 ug) were added to constant amounts of smeared brain DNA (MacManus et ai, 19956), 
nd-labeled with f^PJddATP, separated by agarose gels (A), and compared with a 200-bp standard (M). Each lane was analyzed by 
densitometry with an image analysis system (B, top). The abscissa represents the length in base pairs [bp]; the ordinate represents 
uCi/mL compared with a radioactive standard (not shown). To demonstrate peak heights corresponding to laddered DNA, a baseline 
subtraction was performed (B, bottom). The areas under each peak provide a measure of DNA laddering. A linear relation was found 
betw n the amount of laddered DNA used in the labeling procedure and the densitometry readings (C). Readings also were linear when 
increasing amounts of smeared DNA were mixed with a constant amount of laddered DNA (not shown). 



Statistical analysis 

Data are presented as mean ± SD. Statistical comparisons 
were made by one-way analysis of variance and followed by 
Dunnett test (rCBF) or Tukey test (physiology). For neurologic 
deficits, Mann-Whitney rank sum test was applied for two 
groups, and Kruskal-Wallis one-way analysis of variance on 
ranks followed by Dunn test for three or more groups. For 
unpaired data (infarction volume and area, DNA laddering, cell 
counts) two-tailed Student's t test was applied. Analysis was 
made using the software SigmaStat (Jandel Corporation, San 
Rafael, CA, U.S.A.) or Excel (Microsoft, Redmond, WA, 
U.S.A.). P < 0.05 was considered statistically significant. 

RESULTS 

Mouse model of mild f cal cerebral ischemia 

Physiologic parameters before, during, and after isch- 
emia were within the normal range and did not differ 
between groups. Mean arterial blood pressure remained 
stable at 110 ± 12 mrn Hg, and heart rate at 480 ± 70 
beats per minute. Blood gases were stable at pH 7.4 ± 



0.1, Paco 2 at 45 ± 5 mm Hg, and Pao 2 at 125 ± 25 mm 
Hg, After MCAO, rCBF decreased to 20% of baseline 
(20% ±8%) and was sustained during 30 minutes of 
ischemia. The rCBF immediately returned to more than 
100% of baseline (1 16% ± 20%) after suture removal. 

No evidence for injury was detected 24 or 72 hours 
(TTC staining) after 10 minutes of MCAO in pilot ex- 
periments (n = 5 each). Twenty-four hours after 30 min- 
utes of MCAO, ischemic changes were not detected by 
TTC (h = 5) or grossly by H&E (n = 5), although 
infrequent striatal cells showed light microscopic 
changes consistent with ischemia. 

At 72 hours of reperfusion after 30 minutes of MCAO, 
clear evidence for infarction was found. Infarct size was 
32.7 ± 8.3 mm 3 (n = 17) after vehicle (DMSO) was 
injected intracerebroventricularly 6 hours after reperfu- 
sion. Vehicle injection did not alter infarct size, since 
noninjected animals showed the same injury volume 
(31.4 ± 19.2 mm 3 , n = 12). The lesion was located 
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TABLE 1. Effects of the nonselective caspase inhibitor 
z-VAD.FMK, the putative caspase 3 inhibitor z-DEVD.FMK, 
and the NMDA-antagonist MK-801 on infarct volume after 
30 minutes ofMCAO 



.treatment 


Rx time 




■ iiiidxwi vuiunic 


{n) 


\a) 


\a) 




Vehicle (9) 


6 


72 


38.1 ±6.4 


z-VAD (8) 


6 


72 . 


112 ±5.4* 


Vehicle (4) 


6 


7 days 


27.1 ± 1.9 


z-VAD (4) 


6 


7 days 


9.8 ±5.0* 


Vehicle (6) 


18 


72 


37.519.5 


z-VAD (4) 


18 


72 


383 ± 117 


Vehicle (7) 


before 


72 


25.0 ±5.0 


z-DEVD (7) 


before 


72 


112 ±2.3* 


Vehicle (8) 


6 


72 


26.515.3 


z-DEVD (9) 


6 


72 


11.2 ±8.0* 


Vehicle (5) 


12 


72 


22.6 ±5.2 


z-DEVD (6) 


12 


72 


15.8 ±92 


Vehicle (5)t 


before 


72 


33.4 ±4.2 


MK-801 (5)t 


before 


72 


14.5 ±5.8* 


MK801 (5) t 


3 


72 


29J16.2 


MK-801 (5) t 


6 


72 


31.1 ±6.0 



Time refers to drug injection after reperfusion except when noted for 
z-DEVD .FMK and MK-801 (given 10 minutes before MCA occlu- 
sion). Z-VAD.FMK (120 ng) and- z-DEVD.FMK (480 ng) were admin- 
istered intracerebroventricularly, MK-801 (3 mg/kg) was given intra- 
peritqneally. Data are presented as mean ± SD. 

* P < 0.01 versus vehicle group. 

t MK-801/vehicle-treated mice were held at a constant, temperature 
(31°C) for 6 hours after treatment 

predominantly in the striatum where cells were severely 
pyknotic. Cortical injury, by comparison, was minor. Le- 
sion volume did not increase significantly by 7 days 
(33.5 ± 21.1 mm 3 , n = 8, no intracerebroventricular 
injection), and brain swelling did not contribute signifi- 
cantly to infarct size, as assessed by an indirect method 
for measurement of infarct size. Cycloheximide (Chex) 
pretreatment (10 mg/kg, n = 7) reduced infarct size 
(10.5 ± 9.0 mm 3 versus 31.4 ± 19.2 mm 3 , P< 0.05) at 72 
hours, suggesting the importance of protein synthesis in- 
hibition. 

Inhibitors of the caspase family reduce infarct size 

Table 1 contains the data for experiments using 
caspase inhibitors and MK-801. Infarct size in vehicle- 
treated controls were smaller in the Z-DEVD.FMK ex- 
periments (22.6 to 26.5 mm 3 ) versus the other two ve- 
hicle groups (27.1 to 38.1 mm 3 ), probably because the 



TABLE 2. rCBF during and after 30 minutes of filamentous 
middle cerebral artery occlusion in z-VAD.FMK and vehicle 
(0,3% DMSO) 'groups 





z-VAD.FMK 


Vehicle 


rCBF (during) 


18±4 


18 ± 12 


rCBF (after) 


105 ±15 . 


. 105 ± 18 



z-VAD .FMK (120 ng) or vehicle were administered intracerebro- 
ventricularly in a volume of 2 u£ 6" hours after reperfusion following 
30 minutes of MCAO. rCBF was measured by Laser-Doppler- 
flowmetry (expressed as % of baseline). Data represent mean 1 SD (n 
- 5-6). There are no significant differences between groups. 



TABLE 3. Physiologic variables 10 minutes before and 
until 1 hour after injections of z-VAD.FMK or vehicle 
(0.3% DMSO) 





z-VAD.FMK 


Vehicle 


MABP (before) 


1 15 ±9 


115±6 


MABP (after) 


112±4 


118 ± 12 


pH 


7.3 ±0.1 


7:3 ±0.1 


Pacoj 


47±5 


43±5 


Pao 2 


151 ± 17 


133 ±24 



z- V AD .FMK (120 ng) or vehicle were administered intracerebro- 
ventricularly in a volume of 2 u,L 6 hours after reperfusion following 
30 minutes of MCAO. Mean arterial blood pressure (MABP, in mm 
Hg) was measured before and until 1 hour after drug injection. Fifty 
microliter blood was withdrawn 30 minutes after drug administration. 
PacOj and Pa0 2 are given in mm Hg. Data represent mean ± SD (n = 
5-6). There are no significant differences between groups. 

surgical procedure for z-DEVD.FMK was performed by 
a different investigator (see Methods). 

A dose of z-VAD JFMK (120 ng intracerebroventricu- 
larly) given 6 hours after reperfusion decreased infarct 
size (Table 1) and neurologic deficits at 72 hours (1.0 ± 
0.9 versus 2.4 ± 0.9, P < 0.05). The protective effects 
sustained for at least 7 days (Table 1). When given at 18 
hours after reperfusion, however, the drug was not ef- 
fective in reducing gross infarct size (Table 1); neuro- 
logic deficits did show some improvements in this group, 
however (1.2 ± 0.8 versus 2.4 ± 0.9). 

A dose of z-DEVD.FMK (480 ng given intracerebro- 

TABLE 4. Physiologic parameters before, during and after 
30 minutes of ischemia (I29/SV mice) after z-DEVD.FMK or 
vehicle (0.3% DMSO) pretreatment 



z-DEVD.FMK Vehicle 



rCBF (during) 


2317 


1716 


rCBF (after) 


111122 


101127 


CT (before) 


37.0±0.3 


36.710.9 


CT (after) 


36.910.3 


36.410.4 


CT (72 h) 


36.011.0 


35.21 1.0 


MABP (before) 


102111 


107113 


MABP (during) 


103 1 12 


108 1 11 


MABP (after) 


100114 


1041 17 


HR (before) 


494132 


- 486136 


HR (during) 


508145 


461162 


HR (after) 


504125 


516184 


pH (before) 


7.410.1 


7.410.1 


pH (after) 


7.410.1 


7.410.1 


PccOj (before) 


4514 


4513 


Paco 2 (after) 


4816 


4315 


PaOj (before) 


121 1 12 


124119 


PaOj (after) 


116120 


130133 



Mean arterial blood pressure (MABP, in mm Hg) and heart rate (HR) 
were measured before, during and until 30 min after ischemia- Core 
temperature (CT, in °C) was measured before and until 30 minutes after 
ischemia and again after 72 hours, just before sacrifice. Fifty microliter 
blood , was withdrawn twice, before ischemia and 30 minutes after 
reperfusion. Pacc^ and PaOj are given in mm Hg. rCBF was measured 
by Laser-Doppler-flowmetry (expressed as % of baseline), z- 
DEVD.FMK (480 ng) or vehicle were administered intracerebroven- 
tricularly in a volume of 2 uX 10 minutes before ischemia (n = 5 
each). Data represent mean 1 SD. There are no significant differences 
between groups. 
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ventricularly 10 minutes before ischemia) significantly 
reduced infarction volume at 72 hours (Table 1). A lower 
dose (160 ng) did not reach statistical significance (18.0 
± 3.3 mm 3 versus 24.7 ± 5.0 mm 3 , n = 7). Infarct size 
and neurologic deficits (0.4 ± 0.5 versus 1.7 ± 0.5, P < 
0.05) were reduced when 480 ng z-DEVD.FMK was 
administered at 6 hours after reperfusion (Table 1). In- 
farct volumes, although decreased, did not reach statis- 
tical significance when z-DEVD was given 12 hours af- 
ter reperfusion (Table 1). 

The rCBF during ischemia and after reperfusion did 
not differ between groups (Tables 2 and 4). There were 
also no significant group differences in physiologic pa- 
rameters after z-VAD.FMK (Table 3) or z-DEVD.FMK 
treatment (Table 4). 

Treatment with MK-801 significantly reduced infarct 
size if given before MCAO but not when given 3 or 6 
hours after reperfusion (Tables 2 and 3). Neurologic defi- 
cits tended to be lower after pretreatment but did not 
differ from controls when MK^801 was given at 3 or 6 
hours after reperfusion (0.4 ± 0.6 [pretreatment], 1.0 ± 
0.8 [3 hours], 1.2 ± 0.8 [6 hours] versus 1.0 ± 0.7 [con- 
trol], n = 4 to 5 per group); 

DNA fragmentation 

The TUNEL-positive cells, present in low numbers 
throughout the striatum at 24 hours, profoundly in- 
creased at 72 hours. The TUNEL-positive cells were 
identified morphologically as neurons, many of them 
with nuclear condensation and apopoptic bodies. Almost 
no TUNEL-positive cells contained GFAP double stain- 
ing (Fig. 2, n = 3 for each time point). At 72 hours, low 
numbers of CD-45-positive inflammatory cells were 
found within the vasculature; however, only single cells 
were located" within ischemic brain tissue (not shown). 

Laddered DNA, detected first at 24 hours, increased 
16-fold at 72 hours and 46-fold at 7 days compared with 
24 hours (Fig. 3, n - 3 per group). DNA damage was 
already present at 6 hours as smeared DNA and increased 
substantially between 24 and 72 hours (Fig 3). Total 
DNA damage and laddering were significantly inhibited 
at 72 hours by Chex pretreatment (Figs. 3 and 4). 

To test the hypothesis that caspase inhibitors block 

FIG. 2. Time-dependent changes in the appearance of terminal 
deoxynucleotidyl transferase-mediated dUTP nick-end labeling 
(TUNEL)-pbsrtive cells and glial fibrillary acid protein (GFAP) 
staining in striatum after reperfusion following 30 minutes of 
middle cerebral artery occlusion (MCAO). Tissue sections (6 urn) 
obtained at 24 hours (A), 72 hours (B), and 7 days (C) were 
co-stained by TUN EL and GFAP immunohistochemical methods. 
The TUNEL-positiv c lis (arrow) were infrequent at 24 hours, 
increased at 72^hours, and decreased at 7 days. The number of 
GFAP-positive glial cells (arrowhead) increased over time/but 
GFAP-labeled cells did not show TUNEL staining (B, C). At a 
higher magnification (D), TUNEL-positive cells show nuclear con- 
densation and apoptotic bodies (section thickness 40 um). Scale 
bar = 50 urn (A, B, C) and 30 um (D). 
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FIG. 3. Cycioheximide (Chex, 10 mg/kg) pretreatment inhibited DNA laddering during reperfusion after 30 minutes of MCAO. DNA was 
isolated from ischemic striatal tissue after various times after reperfusion, end-labeled with ppjddATP, electrophoresed on a 2% agaros 
gel, and autoradiographed. The autoradiogram (A) shows a 200-bp standard (M) DNA prepared at 6 t 12, 2*4, 72 hours; or 7 days, or at 
72 hours after Chex pretreatment. Arrow indicates the location of a 100-bp internal standard. B: Quantitation of "DNA damage" (top) and 
"DNA laddering" (bottom) was performed as described in Fig. 1. Laddering was first visible after 24 hours arid increased by 72 hours 
(16-fold) and 7 days (46-fold). Each group represents the mean ± SD of three animals from independent labeling procedures. 



apoptosis after ischemia, we compared the number of 
TUNEL-pbsitive cells in z-VAD.FMK-treated animals 
(120 ng, given at 6 hours, n - 4) versus DMSO (n = 4) 
at 72 hours. Total number of TUNEL-positive cells was 
significantly reduced in the treatment group (540,000 ± 
258,000 versus 1,390,000 ± 446,000, P < 0.05), and the 
lesion volume containing TUNEL-positive cells was re- 
duced by 60%. The density of TUNEL-positive cells did 
not decrease, however (82,700/mm 3 ± 6500/mm 3 versus 
84,900/mm 3 ± 9200/mm 3 ). 

A significant reduction in total DNA fragmentation 
and DNA laddering within ischemic tissue was found at 
72 hours in z-VAD^FMK-treated (n = 4) and z- 
DEVD.FMK-treated (n — 5) animals (administered 6 
hours after reperfusion) compared with controls (n = 9) 
(Figs. 4 and 5), whereas MK-801 pretreatment (3 mg/kg, 
n = 4) did not reduce DNA fragmentation or DNA 
laddering compared with saline-injected controls (n = 4) 
(Figs. 4 and 5). 

DISCUSSION 

We provide evidence for the importance of apoptosis 
to the delayed development of tissue injury after mild 



focal cerebral ischemia (30 minutes of MCAO) in the 
mouse. In this model* ischemic brain damage became 
grossly visible at 72 hours and did not expand at 7 days 
after reperfusion. The TUNEL-positive cells and DNA 
laddering were observed first 24 hours after reperfusion. 
Cells staining TUNEL-positive probably were neurons, 
since they did not stain positive for GFAP or CD-45. In 
fact, Li and colleagues (1995a,Z>) came to a similar con- 
clusion, since they found GFAP co-staining in only a few 
TUNEL-positive cells (10%) after 2 hours of MCAO in 
the rat. Treatment with inhibitors of apoptosis such as 
cycioheximide, z-VAD.FMK, or z-DEVD.FMK reduced 
ischemic injury after 30 minutes of MCAO, and peptide 
methylketones were more effective after mild (30 min- 
utes) than after more prolonged ischemia (2 hours of 
MCAO). In the 30-minute model, z-VADJFMK and z- 
DEVD.FMK decreased infarct volume by 70% and 57%, 
respectively, whereas the degree of protection was 45% 
and 35%, respectively, after 2-hour MCAO (Hara et al. t 
1997a; Mpskowitz and Ma, 1997). Peptide methylk- 
etones also were more successful many hours (6 hours) 
after 30 minutes of MCAO compared with 0 to 1 hours 
after more prolonged (2 hours) MCAO (Hara et al., 
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FIG. 4. Cycloheximide (Chex) pretreatment (A), z-VAD.FMK (C), or z-DEVD.FMK (D) given 6 hours after reperfusion, but not MK-801 
pretreatment (B) decreased DNA laddering in ischemic tissue. Animals were subjected to 30 minutes of MCAO and reperfused for 72 
hours. DNA was extracted and separated on agarose gels (see Methods; Figs. 1 and 3). Chex also decreased total DNA damage (3299 
± 696 [drug] versus 35,426 ± 2099 [vehicle], P< 0.01), as did z-VAD.FMK (14,394 ± 8101 [drug] versus 32,102 ±10,353 [vehicle], P< 
0.05) and z-DEVD.FMK (13,341 ± 5627 [drug] versus 32,102 ± 10,353 [vehicle], P< 0.01). Total DNA damage did not differ after MK-801 
pretreatment (24,697 ± 5229 [drug] versus 20.264 ± 8552 [vehicle]). Units are uCi/mL x b. *P < 0.05, each group represents the mean 
± SD of four to nine animals from independent experiments. 



1997a; Moskowitz and Ma, 1997). Hence, mild focal 
cerebral ischemia provides a useful experimental tool to 
assess the contribution of apoptosis to delayed mecha- 
nisms of cell death. 

DNA laddering may reflect the consequences of a spe- 
cific cascade promoting tissue injury after ischemia, 
which is distinct from necrosis. We found that oligo- 
nucleosomal damage was a useful indicator of apoptotic 
cell death and that a newly developed method for quan- 
titation was reliable and reproducible. A linear relation 
was found between the amount of laddered DNA used in 
the labeling procedure and the densitometry readings in 
validation experiments (Fig. 1). Decreases in laddered 
DNA did not always accompany decreases in infarct size 
but depended on whether apoptosis was inhibited. For 
example, MK-801 pretreatment decreased ischemic dam- 
age but not DNA laddering (Figs. 4 and 5). Similar find- 
ings were observed after administering 3-amino- 
benzamide, a widely-used inhibitor of poly(ADP- 
ribose)polymerase (Endres et al. } 1997). On the other 



hand, inhibitors of apoptotic cell death such as cyclohex- 
imide, z-VAD.FMK, or Z-DEVD.FMK clearly inhibited 
oligonucleosomal DNA damage and decreased infarct 
size (Figs. 3 through 5; Table 1). 

The protective mechanisms of peptide methylketones 
and MK-801 are different. As observed, MK-801 did not 
decrease DNA laddering, and its therapeutic window was 
relatively short in mild ischemia when apoptotic cell 
death is prominent We infer that apoptosis probably is 
not the predominant mechanism of cell death after N- 
methyl-D-aspartate (NMD A) excitotoxicity. Not surpris- 
ingly then, z-VAD.FMK and z-DEVD.FMK blocked 
damage induced by intrastriatal NMD A microinjections 
only weakly (Hara et al., 1997a). Moreover, TONEL 
staining and DNA laddering appear late (24 to 48 hours) 
after NMDA microinjections (Ayata et al., 1997), sug- 
gesting that apoptosis was not primarily a direct NMDA- 
induced event. Nevertheless, pretreatment with MK-801 
protected brain in mild ischemia, suggesting that delayed 
ischemic death contains both necrotic and apoptotic 
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FIG. 5. The z-DEVD. FMK 
(480 ng) (A) or z-VAD. FMK 
(120 ng) (B) given intracere- 
broventriculariy 6 hours after 
reperfusion but not MK-801 
pretreatment (3 mg/kg) (C) in- 
hibited DNA laddering within 
ischemic tissue compared with 
controls (C). Animals were 
subjected to 30 minutes of 
MCAO and 72 hours of reper- 
fusion.. DNA laddering was 
performed as shown (Figs. 1 
and 3) and compared with a 
200-bp DNA standard (M). The 
figure shows results for each 
treatment from representative 
experiments repeated in four 
to nine animals. A, B, and C 
were photographed from sepa- 
rate gels. Arrow indicates a 
100-bp internal standard. 



mechanisms (as suggested by smeared plus laddered 
DNA on agarose gels [Figs. 3 and 5]). Because injury is 
slowly evolving, and MK-801 reduced infarct size when 
given as a pretreatment, it must mean that NMDA- 
receptor activation initiates early (within 3 hours) a de- 
layed mechanism of ischemic cell death that is not ex- 
clusively apoptosis (DNA laddering does not decrease) 
and cannot tie inhibited by blocking the NMD A receptor 
after the fact 'st 

The literature supports the notion that MK-801 and 
caspase inhibitors act through distinct yet complemen- 
tary and synergistic mechanisms. Choi and colleagues 
found "that NMD A receptor antagonists unmask apopto-" 
sis after oxygen-glucose deprivation in neuronal cell cul- 
tures in vitro. Caspase inhibitors are protective in culture 
only after MK-801 pretreatment (Gwag et al., 1995). In 
vivo, we demonstrated synergistic protective effects after 
treatment with MK-801 plus caspase inhibitors 
(Moskowitz and Ma, 1997). A 35% decrease in infarct 
size was observed in a mouse model of focal ischemia 
after combining doses and treatment times when neither 
compound provided protection alone. 

Both the mouse and rat model (30 minutes of isch- 
emia) (Du et al, 1996) show delayed infarct develop- 
ment, prominent DNA laddering, and TUNEL-stained 
cells. Damage in the mouse, however, was primarily 
within striatum, whereas injury was mostly within cortex 
in the rat model. Additionally, the lesion in the mouse 
did not expand after 3 days as it did in the rat. These 
differences may relate to greater collateral blood flow in 
the mouse, as well as differences in vascular anatomy or 
suture placement, with attendant differences in blood 
flow reduction. Cycloheximide reduced injury in both 
species, emphasizing the importance of protein synthe- 



sis. The ability of cycloheximide to inhibit apoptosis is 
well documented in ischemia (Linnik et al., 1993; Du et 
al, 1996). Cycloheximide may at the same time increase 
bcl-2 expression, which also would reduce tissue injury 
(Furukawa et al., 1997)- In general, cycloheximide sup- 
presses synthesis of all proteins, including those that may 
afford neuroprotection (e.g., superoxide dismutase, 
growth factors). Hence, it may be difficult to predict the 
effects of cycloheximide on tissue injury. In our studies, 
we demonstrate the relevance of caspases to injury de- 
velopment in a model in which cycloheximide reduces 
infarct size. 

Our data could have important implications for the 
treatment of stroke or other evolving CNS injuries in 
humans, or even for procedures that carry a risk of brain 
damage (e.g., neurosurgical procedures or cardiopulmo- 
nary bypass). Caspase inhibitors administered at rela- 
tively late time points after mild brain injury or ischemia 
may protect injured tissue. We conclude that inhibitors of 
ICE family caspases might become valuable drugs to 
treat stroke in humans. 

Acknowledgment: The authors thank Dr. H. Hara for ad- 
vice. 
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ICE inhibitor YVADcmk is a potent therapeutic agent agai 
in vivo liver apoptosis 
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In liver, apoptosis is a physiological process involved in 
the clearance of injured cells and in homeostaUc 

ontrol [1]. However, in patients with viral fulminant 
hepatitis or with nonacute liver diseases [2], dramatic 
liver failure or secondary cirrhosis results from the 
death of hepatocytes, which express the cell-surface 
receptor Fas, by apoptosis. To date, treatment of 
fulminant hepatitis relies mainly on orthotopic liver 
transplantation, which Is limited by immunological 

omplications and graft availability. Unravelling the 
molecular mechanisms that underlie acute liver failure 
could allow the design of an appropriate therapy. 
Ligand-bound Fas and tumour necrosis factor a (TNF-a) 
induce hepatic apoptosis in mice [3-6]. In various cell 
types, Fas- or TNF-a-induced apoptosis is blocked by 
viral proteins (such as p35 and CrmA) as well as by a 
decoy peptide (YVADcmk) [7-11], suggesting that these 
mechanisms of apoptosis involve ICE (interleukin-1 p 
converting enzyme) -I ike proteases. Here, we report 
that, in vivo, pre-treatment of mice with YVADcmk 
protects them from the lethal effect of anti-Fas 
antibody and from liver failure induced by injection of 
TNF-a. Remarkably, YVADcmk administration is also 
highly effective in rescuing mice that have been 
pretreated with anti-Fas antibody from rapid death, 
despite extensive hepatic apoptosis. This dramatic 
curative effect could be of clinical benefit for the 
treatment of viral and inflammatory liver diseases. 
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Results and discussion 

IGE-like proteases, mammalian homologs of the nematode 
cell death protein Ged-3, have apoptotic properties when 
overexpressed in various cell lines [12-19]. In vitro, the 
inhibition of these proteases by certain viral proteins, as 
well as by the YVADcmk peptide [7], results in protection 
against TNFot- and Fas-mediated apoptosis [8-11,20,21]. 



Primary cultured mouse hepatocytes undergo apoptosis 
after incubation with anti-Fas antibody in combination 
with cycloheximide (CHX) [22,23]. To investigate the role 
of ICE-like proteases in Fas-mediated apoptosis, primary 
hepatocytes were incubated with YVADcmk and then 
treated with anti-Fas antibody supplemented with CHX. 
In the absence of YVADcmk, 90 % of the cells had under- 
gone apoptosis after 36 hours of incubation with anti-Fas 
antibody, whereas more than 90 % of the cells were resis- 
tant to Fas-induced apoptosis in the presence of 200 \iM 
YVADcmk, even after a 60 hour incubation (Fig. la,b). 
The addition of YVADcmk inhibited apoptosis in a dose- 
dependent manner (Fig. lc,d): in the presence of 50 \iM 
YVADcmk, 50 % of the cells treated with anti-Fas anti- 
body died within 24 hours; in the presence of 300 u.M 
YVADcmk, 100% of the cells survived. Note that 
YVADcmk was diluted in DMSO, which is known to act 
as a differentiating agent for primary cultures of hepato- 
cytes; at the concentrations used here, however, DMSO 
perse conferred no protective effect against Fas-mediated 
apoptosis (data not shown). 

The intraperitoneal or intravenous administration of anti- 
Fas antibody in mice leads to death [3]. That this results 
from severe liver damage was shown by the liver-specific 
expression of a Bcl-2 transgene, which prevented the 
lethal effects of the antibody [24]. To evaluate the effect 
of ICE inhibitor on Fas-mediated apoptosis in vivo, mice 
were treated with YVADcmk (4 u.mole) 2 hours before 
injection of anti-Fas antibody. Most of the mice (93 %) 
survived and were healthy, whereas all untreated mice 
died 3-4 hours after antibody injection (Fig. 2a). Histolog- 
ical tissue sections of surviving mice were examined for 
liver damage and regenerative features. The livers of 
YVADcmk-treated mice were protected against lethal 
hepatic cytolysis, but had many areas of hepatocyte injury 
12 and 24 hours after antibody injection. This damage 
consisted of numerous typical apoptotic bodies sur- 
rounded by polynuclear granulocyte, lymphocyte and 
macrophage infiltrates; no such damage was seen in 
control mice (treated with YVADcmk but not exposed to 
anti-Fas antibody; data not shown). The anti-apoptotic 
properties of YVADcmk in vivo were confirmed by the 
TUNEL assay (terminal deoxynucleotidyl. transferase 
(TdT)-mediated dUTPbiotin nick end-labeling), which 
detects DNA fragmentation — a hallmark of apoptosis. By 
1.5 hours after anti-Fas antibody injection, the livers of 
unprotected mice had numerous TUNEL-positive cells 
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Figur 1 



Effect of YVADcmk on Fas- and TNF-a-mediated 
hepatocyte cytotoxicity in vitro. (ajb) Primary 
mouse hepatocytes were incubated with anti-Fas 
antibody in the presence (open bars and open 
circles) or absence (filled bars and filled circles) 
of YVAD-cmk. (cd) Dose-dependent inhibition of 
Fas-Induced apoptosis by YVAcmk. Primary 
hepatocytes were incubated for 24 h with various 
concentrations of YVADcmk In the presence 
(filled bars and fitted circles) or absence (open 
bars and open circles) of anti-Fas antibody. (e,f) 
Primary hepatocytes were incubated with 
recombinant murine TNF-o and actinomycin D 
(ActD) in the presence (open bars and open 
circles) or absence (closed bars and filled 
circles) of YVADcmk. Control experiments 
showed that YVADcmk solvent (DMSO) did not 
Interfere with hepatocyte apoptosis (see text). 
Percent apoptotic hepatocytes (Hoechst 
staining) and viability (blue trypan exclusion) were 
obtained from triplicate experiments. 
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(Fig. 3a), whereas the extent of the apoptosis was reduced 
significantly in livers from YVADcmk-p rotected mice (Fig. 
3b). Mitoses appeared in the parenchyma without any 
obvious zonal distribution within 1 day and persisted at 
day 4 (Fig. 3c). Progressively, apoptotic bodies disappeared 
within 6 days and, at day 13, liver architecture was indistin- 
guishable from that of normal liver. Plasmatic transaminase 
levels increased and then decreased progressively to reach 
normal values concomitant with the disappearance of the 
apoptotic process (data not shown). The increase in 
transaminase levels during this process, a process which is 
usually described as a nonlytic event, probably results from 
insufficient phagocytosis [3]. 

The duration of the YVADcmk protective effect was 
tested by injecting anti-Fas antibody at day 1, 2 or 3 after 
administration of YVADcmk. Only the mice injected at day 
3 died, suggesting that the effect of YVADcmk was tran- 
sient Histological examination of liver, heart, lung, spleen, 
thymus, lymph nodes, kidney and brain was performed in 
three mice one month after a single YVADcmk treatment, 
revealing no apparent cytotoxicity. Finally, the long-term 



survival of protected mice confirms that blockage of ICE- 
like proteases, and thereby inhibition of massive hepatic 
apoptosis, is highly efficient in preventing lethality 
induced by anti-Fas antibody injection. 

TNF-a is a potent mediator of hepatocyte apoptosis and 
liver failure [4,5]. As the signalling pathway of the TNF 
type I-receptor requires an ICE-like protease [9,11], we 
examined whether YVADcmk treatment could protect 
against TNF-induced hepatocyte apoptosis and liver 
damage. As shown above for Fas-induced apoptosis, addi- 
tion of YVADcmk (200 jjlM) blocked TNF-induced apop- 
tosis of primary hepatocytes, which occurred within 24 
hours in the absence of YVADcmk (Fig. le,f). YVADcmk 
protection against TNF-induced liver damage in vivo was 
tested by injection of YVADcmk and TNF-a. As the in vivo 
hepatic apoptosis mediated by TNF-a is known to require 
transcriptional arrest [4], mice were co- treated with ActD. 
The high dose (9 jJLg k^* 1 ) of TNF-a injected into ActD- 
sensitized mice induced liver damage (Fig. 3e) and death of 
all the mice in less than 7 hours. Interestingly, YVADcmk 
administered before TNF-a into ActD-sensitized mice 



Figure 2 



In vivo protective effect of YVADcmk on Fas- 
induced mortality, (a) Preventive effect of 
YVADcmk. Mice were injected 
mtraperitonealty with YVADcmk 2 h before 
intravenous injection or anti-Fas antibody 
(open circles), (b) Curative effect of YVAD- 
cmk. Mice were injected intra peritoneally with 
YVAD-cmk 2 h after intravenous injection of 
anti-Fas antibody (open circles). Control mice 
received anti-Fas antibody alone (filled 
squares and filled circles) or YVAD-cmk alone 
(open squares). 
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Figure 3 




Liver sections from untreated and YVAD-cmk-treated mice. (a,b) 
TUNEL in situ detection of apoptosis, x250. (a) Liver section from a 
WADcmk-untreated mouse 1 .5 h after intravenous injection of anti-Fas 
antibody. Note the presence of multiple stained nuclei (arrows), (b) 
Liver section from YVAD-cmk-pretreated mouse 1.5 h after intravenous 
injection of anti-Fas antibody. Rare stained nuclei are detected 
(arrows). (c,d) Histological analysis, x200. (c) Liver section from 
YVAD-cmk-pretreated mouse prepared 4 days after Intravenous 
injection of anti-Fas antibody. The fiver has partially recovered its 
normal organization, despite the presence of mononuclear cell 
infiltrates and some hepatocyte mitosis. The same histological features 
were observed with liver sections of rescued mice, which had received 
YVAD-cmk 2 h after anti-Fas antibody injection, (d) Liver section from 
untreated mouse prepared 2 h after a single intravenous injection of 
anti-Fas antBxxfy. The liver exhibits architectural disorganization, 
numerous apoptotic bodies (arrows) and infiltration of blood cells, (e) 
Liver section from untreated mice prepared upon death, 7 h after co- 
injection of ActD and TNF-a. The liver section shows a total 
disorganization of tissue architecture with numerous apoptotic bodies 
(arrows), (f) liver section from YVADcmk-treated mouse was 
performed 7 h after infection of YVADcmk followed by ActD and 
TNF-a. The fiver displays few scattered apoptotic bodies. 



blocked the appearance of liver damage characterized by 
apoptosis (Fig. 30 and prevented the death of animals. 
Considering the wide range of cells sensitive to TNF cyto- 
toxicity [25], the causal relationship between TNF-induced 
death and TNF-induced liver damage has not yet been 
demonstrated formally. The ability of YVADcmk to protect 
against TNF-lethal cytotoxicity could thus be related to its 



protection of other cell types in vivo. Note that inflamma- 
tory response syndrome observed in septic shock is mainly 
related to TNF-a production [26-28] and is attenuated in 
ICE-deficient mice [29]. It will be thus of great interest to 
assess the ability of YVADcmk to abolish multiple organ 
failure in septic shock experimental models. 

To evaluate the curative potential of YVADcmk treatment 
against Fas-induced liver damage, we tested its ability to 
stop an ongoing lethal hepatic cytorysis. Time-course 
analysis of hepatic histological damage induced by anti-Fas 
antibody administration showed that 50-70 % of the liver 
was destroyed within 2 hours (Fig. 3d). As this experimen- 
tal damage could be relevant to clinical lesions observed 
during liver failure [3], YVADcmk was administrated 
2 hours after anti-Fas antibody injection. Under these con- 
ditions, 86 % of the mice were rescued, whereas all animals 
died in the control group, untreated with YVADcmk (Fig. 
2b). It is noteworthy that YVADcmk treatment is rapidly 
effective, considering the short survival of mice treated 
with anti-Fas antibody (3-4 hours). Biochemical analysis of 
hepatic transaminases and liver histology of rescued mice 
showed apoptosis followed by a regenerative process 
similar to that described for protected mice in the preven- 
tive protocol (data not shown). These data demonstrate 
that YVADcmk is able to overcome the rapid progression 
of dramatic hepatic damage induced by Fas activation. 

Our results suggest that in vivo inhibition of ICE-depen- 
dent apoptosis mediated by Fas or TNF-a represents an 
attractive approach for treating liver injuries; including 
including those caused by inflammatory, viral and auto- 
immune diseases [1]. As we can assume that, during fulmi- 
nant hepatitis, multiple signals account for massive hepatic 
destruction, it would be of interest to assess ICE-mediated 
protection in other models. This hypothesis is supported 
by our preliminary experiments demonstrating an in vivo 
protective* effect of YVADcmk against LPS-induced fulmi- 
nant hepatitis (NR. and A. Mignon, unpublished data). 
Recently, transgenic liver-specific expression of Bcl-2 has 
proven its efficacy in protecting mice against Fas-induced 
lethality [24]. However, therapeutic application of Bcl-2 
will encounter the difficulties inherent to gene-transfer 
approaches. Our results provide evidence that a simple 
galenic formulation of ICE-inhibiting drugs has a curative 
effect on Fas-mediated liver apoptosis. This opens the 
field for new treatments of viral fulminant hepatitis. 

Materials and methods 

In vitro experiments 

Hepatocytes were isolated by In situ collagenase perfusion [23]. The per- 
fused liver was minced, cells were suspended in M199 medium with 10 % 
fetal calf serum {FCS; Gibco-BRL) and filtered through a 70 fim mesh filter. 
Viability was over 90% according to trypan blue exclusion. Cells were 
counted and plated at a density of 5 X 10 s cells per 35 mm dishes in M199 
medium containing 1 0 % FCS. The cells were allowed to adhere for 3 h; the 
medium was then removed and replaced by M199 containing 10- 6 M 
insulin, 10" 6 M thyroid hormone and 10- 6 M dexamethasone. The ex vivo 
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protective effect of YVADcmk (Ac-Tyr-Val- Ala- Asp>-chlofomethy1 ketone) 
(Bachem Btochimie SARL Bale) was explored by culturing primary hepato- 
cytes in the presence or absence of 200 juVI YVADcmk in dimethyl sulfox- 
ide (DMSO). At the same time anti-Fas antibody (1 tig mM) (Pharmingen), 
supplemented with 10jigmH CHX or recombinant murine TNF-a 
(20ngmJ- 1 ) (Genzyme) supplemented with ActD (333 nM) (Sigma) were 
added. Cells were - monitored at times up to 60 h and the percentage of 
viable cells assessed by trypan blue exclustoa Approximately 200 cells 
were counted in each sample. To monitor apoptosis, Hoechst 33258 stain- 
ing was performed as described [23]. 

In vivo experiments 

To explore the in vivo preventive effect of YVADcmk, a group of 1 4 mice 
were injected intraperitonealry with YVADcmk (4 jtmote in 200 fit PBS) 2 h 
prior to intravenous injection of anti-Fas antibody (10jig in 100pU 0.9% 
NaCl) or prior to Intravenous injection of 9 ug kg- 1 of TNF-a and intraperi- 
toneal administration of ActD (1 6 ug in 200 pJ PBS). To explore the in vivo 
curative effect of YVADcmk, a group of 7 mice were injected intraperi- 
toneal^ with YVADcmk (4 junote in 200 |tl PBS) 2 h after intravenous injec- 
tion of anti-Fas antibody (10 tig in 100 *U 0.9 % NaCl). As controls, 1 5 mice 
received anti-Fas antibody alone (10 jug in 100 |U 0.9 % NaCl) and 3 mice 
received YVADcmk alone (4 (tmole in 200 pi PBS). 8-week-old B6D2/F1 
mice were used in all experiments. 

Histological examinations, TUNEL and serum analysis 
Livers were excised and Immediately transferred to Boufn's and formalin- 
acetic acid-alcohol fixatives. Samples embedded in Paraplast were cut at 
5 pm and stained with hematoxylin and ebsin. Using light microscopy, 3 
fields of each sample were analyzed for typical apoptotic features: marked 
condensation of chromatin, cell shrinkage and apoptotic bodies. Apoptosis 
severity was evaluated by a ratio of the number of apoptotic hepatocytes to 
the total hepatocytes of the field. The TUNEL procedure was performed 
with the In situ cell death detection kit. POD' (Boehringer Mannheim)- For 
serum analysis, biochemical parameters of the serum (ALT, alanine amino- 
transferase, and AST, aspartate aminotransferase) were quantified using a 
standard clinical automatic analyzer (Hitachi, Type 71 50). 
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Attenuation of Ischemia/Reperfusion Injury in Rats by 

a Caspase Inhibitor 

Hiroyuki Yaoita, MD; Kazuei Ogawa, MD; Kazuhira Maehara, MD; Yukio Maruyama, MD 

Background— Z-Val-Ala-Asp(OMe)-CH 2 F (ZVAD-fink), a tripeptide inhibitor of the caspase mterleukin-1/3- converting 
enzyme family of cysteine proteases, may reduce myocardial reperfusion injury in vivo by attenuating cardiomyocyte 
apoptosis within the ischemic area at risk. 

Methods and Results— Sprague-Dawley rats were subjected to a 30-minute coronary occlusion followed by a 24-hour 
reperfusion. An inert vehicle (dimethylsulfoxide; group 1, n=8) or ZVAD-frnk, at a total dose of 3.3 mg/kg (group 2, 
n=8), was administered intravenously every 6 hours starting at 30 minutes before coronary occlusion until 24 hours of 
reperfusion. At this 24-hour point, hemodynamics were assessed by means of cardiac catheterization; then, the rats were 
killed, and the left ventricle was excised and sliced. The myocardial infarct size/ischemic area at risk and the count of 
presumed apoptotic cardiomyocytes (terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling 
[TUNELJ-positive cells) within the ischemic area at risk were assessed through triphenyltetrazolium chloride staining and 
TUNEL methods, respectively. Peak positive left ventricular dP/dt was higher (P=.02) and left ventricular end-cUastolic 
pressure was lower (P=.04) in group 2 than in group 1. The infarct size/ischemic area at risk of group 2 (52.4±4.0%) was 
smaller (P=.02) than that of group 1 (66.6±3.7%), and TUNEL-positive cells were fewer (P=.0002) (group 2, 3.1 ±0.9%; 
group 1, 11.1 ±1.0%). Agarose gel electrophoresis revealed DNA laddering in the border zone myocardium of group 1, 
but DNA ladder formation was attenuated in group 2. 

Conclusions — ZVAD-fmk was effective in reducing myocardial reperfusion injury, which could at least be partially attributed 
to the attenuation of cardiomyocyte apoptosis. (Circulation. 1998;97:276-281.) 

Key Words: myocardium ■ reperfusion ■ apoptosis ■ caspase 



Attempts to reduce the extent of myocardial reperfusion 
injury have included lowering the risk posed by certain 
injurious factors and potentiating various aspects of cardiopro- 
tection relating to ischemic duration, 1 oxygen free radicals, 2,3 
proinflammatory cytokines, 4 - 5 and preconditioning. 6 " 10 It has 
been reported that apoptosis is a significant contributor to 
myocardial cell death as a result of reperfusion injury. 1 There- 
fore, it might be hypothesized that this type of injury could be 
attenuated if a portion of the injured myocardial cells could be 
rescued from an apoptotic death. 

. See p 227 - ■ 

The caspase inhibitors, that is, ICE-like protease inhibitors, 11 
interfere with apoptosis at a point subsequent to the initiation 
of the proapoptotic process in cells that have already received 
apoptosis-promoting signals. As opposed to reducing the 
exposure of cardiomyocytes to injurious stimuli, apoptosis of 
these cells is attenuated through modulation of the caspase- 
related proapoptotic process, and this may allow ischemic 
myocardium to survive even after receiving significant injury. 
ZVAD-fmk (fluoro-methylketone), a tripeptide inhibitor of 
the caspase, is reported to attenuate cardiomyocyte apoptosis in 



vitro. 6 In the present study, we investigated whether ZVAD- 
fmk lowers the extent of experimental myocardial reperfusion 
injury in vivo by attenuating cardiomyocyte apoptosis. In a rat 
model for myocardial reperfusion injury, infarct size and the 
appearance of presumed apoptotic cardiomyocytes were as- 
sessed in two groups that were or were not administered this 
protease inhibitor. 

Methods 

This study was carried out under the supervision of die Animal 
Research Committee in accordance with the Guideline on Animal 
Experiments of Fukushima Medical College and Japanese Govern- 
ment Animal Protection and Management Law (No. 105). 

Animal Model 

Twenty-six of 36 adult male (290 to 310 g body weight) Sprague- 
Dawley rats were anesthetized through intraperitoneal administration 
of 30 mg/kg sodium pentobarbital. Under artificial ventilation with a 
rodent ventilator, a left thoracotomy was performed. The proximal 
portion of the left coronary artery was surgically occluded for 30 
minutes through ligation with a suture (size 6.0) followed by coronary 
reperfusion through release of the tie. Coronary occlusion was 
confirmed through elevation of the ST segment on the ECG obtained 
from a limb lead. Transient ventricular arrhythmias were evoked in all 
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Selected Abbreviations and Acronyms 



DMSO 


— dimethyls ulfoxidc 


ICE 


= interleukin-1 ft- converting enzyme 


I/R 


— infarct size/ischemic area at risk 


(±)-LV dP/dt 


= peak positive (+) and negative (— ) first 




derivatives of left ventricular pressure 


LVEDP 


= left ventricular end-diastolic pressure 


LVSP 


= left ventricular peak systolic pressure 


PMN 


= polymorphonuclear leukocyte 


TdT 


= terminal deoxynucleotidyl transferase 


TTC 


= triphenyltetrazolium chloride 


TUNEL 


= terminal deoxynucleotidyl transferase— mediated 




dUTP-biotin nick end labeling 


ZVAD-fink 


= Z-Val-Ala-Asp(OMe)-CH 2 F 



rats «*5 minutes after coronary occlusion, but these usually disap- 
peared after 10 minutes of occlusion. After coronary reperfusion, the 
tie was left loose on the surface of the heart, the chest was closed, and 
the intratracheal tube and ECG electrodes were removed. Hie rats 
were returned to their cages, where they awakened, and they were 
allowed free access to food and water until they were killed 24 hours 
later. 

One milligram of ZVAD-fink (Enzyme Systems Products) was 
dissolved in 107 uJL of DMSO (Wako Pure Chemicals). In group 2 
animals (n=8), ZVAD-fink, at one fourth of a total dose of 3,3 mg/kg 
body weight, was administered as a bolus into the tail vein four times 
during the study (first 30 minutes before coronary occlusion and then 
three times every 6 hours after reperfusion). The same amount of an 
inert vehicle (DMSO) was administered in the same manner to rats of 
group 1 (n=8). 

To assess whether the amount of DMSO used as a vehicle would 
have a toxic effect in vivo, one fourth of a total DMSO volume of 353 
/iX/kg body weight (n^S) or the same volume of saline (n=5) was 
administered four times to sham-operated rats in the same manner as 
to groups 1 and 2. 

Leukocytes are known to be involved in the formation of myocar- 
dial reperfusion injury. 12 As a positive control for this model of 
coronary reperfusion injury, 4 rats were administered absorbed poly- 
clonal rabbit anti-rat PMN antisera at a dose of 3 mL/kg (Inter-Cell 
Technologies) 36 hours before coronary occlusion. Each was sub- 
jected to the 30-minute coronary occlusion and 24-hour reperfusion 
protocol, and 0.5 mL of blood was taken before occlusion and just 
before death. 

Hemodynamic Assessment 

Twenty-four hours after coronary reperfusion, rats were anesthetized 
again through intraperitoneal adniinistration of 30 mg/kg sodium 
pentobarbital. ECG readings were monitored, and a polyethylene tube 
(PE 50; Becton-Dickinson) was inserted into the left ventricular cavity 
via the right carotid artery. LVSP, LVEDP, and (±)-LV dP/dt were 
measured using a polygraph system (AP601G; Nihon Koden). 

Assessment of Infarcted Area and Detection of 
TUNEL-Positive Cardiomyocytes 

After hemodynamics were assessed at 24 hours of coronary reperfu- 
sion, 0.5 mL of blood was obtained from the catheter for measurement 
of blood cells. Then, an intratracheal tube, was inserted, and the chest 
was reopened under artificial ventilation. The coronary artery was 
again briefly occluded through ligation of the tie that remained at the 
site of the previous occlusion. Immediately after the ligation, 1% Evans 
blue solution was infused through the catheter into the beating left 
ventricular cavity to delineate the ischemic area at risk (underperfused 
and then reperfused area) of the left ventricle. After adniinistration of 
an excessive dose of sodium pentobarbital into the left ventricular 
cavity, the heart was excised and cross-sectioned from the apex to the 
atrioventricular groove into five specimens of «*2 mm in thickness 
with the use of a stereoscope. Because there may be some anatomic 



differences in the left coronary artery of each rat, the three middle 
slices were prepared for morphometry to determine the ischemic area 
at risk. These slices were incubated with a 4% TTC 13 solution for 30 
minutes at 37°C in a dark room. Then, ischemic but viable (TTC- 
stained) and infarcted (TTC-unstained) zones within the underper- 
fused and then reperfused area (Evans blue— unstained) and the 
nonischemic area (Evans blue-stained) were stereoscopically measured 
using the point-counting method of Weibel 14 with an eyepiece 
equipped with a 25-square grid (Integration No. 1; Zweiss) under 
100X magnification, and I/R was calculated. These slices were then 
fixed in 10% neutral-buffered formalin. Using paraffin sections that 
were 4 /xm thick, TUNEL was performed as described previously 15 
with minor modifications. Briefly, nuclei of tissue sections were 
stripped of proteins through incubation with 20 /jtg/mL proteinase K 
(Sigma Chemical) for 15 minutes at room temperature. The slides 
were incubated with 2% H 2 0 2 for 5 minutes to allow imctivation of 
endogenous peroxidase and then incubated for 60 minutes at 37°C 
with 0.3 EU/nX TdT (Takara Schuzo Co) and 0.04 nmol//iL 
biotinylated dUTP (Boehringer-Mannheim Biochemica) in TdT 
buffer containing 30 mmol/L Tris-HCl, pH 7.2, 140 mmol/L sodium 
cacodylate, and 1 mmol/L cobalt chloride. The reaction was termi- 
nated with buffer containing 300 mmol/L NaCl and 30 mmol/L 
sodium citrate. The slides were coated with avi din-conjugated per- 
oxidase (Medical and Biological Laboratories) diluted 1:3000 in PBS 
and visualized with the use of chromogen 3,3'-dianimobenzidine 
(Dojindo) and H 2 0 2 . Counters taining was performed with 2% methyl 
green. Using this method, each cardiomyocyte could be defined, and 
TdT-positive or -negative nuclei were stained dark brown or light 
green, respectively, under light microscopy. When the TUNEL 
method was performed, positive controls were always included. For 
DNase treatment in situ, 15 sections were processed with proteinase K, 
and peroxidase inactivation was carried out as described above. Next, 
the sections were pretreated with DN buffer (30 mmol/L Tris-HCl, 
pH 7.2, 140 mmol/L K cacodylate, 4 mmol/L MgCl 2 , and 

0. 1 mmol/L dithiothreitol); then, DNase I (Sigma) , at 100 ng/mL was 
dissolved in this buffer and -used, to cover each section. After a 
15-minute incubation at room temperature, the slides were washed 
extensively with double-distilled water, and DNA nick end labeling 
was carried out. 

Using an eyepiece for the point-counting method (Integration No. 

1, Zweiss), which was performed under a light microscope at a 
magnification of 400 X, we determined the count ratio of the area of 
cardiomyocytes with TdT-stained nuclei with that of total cardio- 
myocytes (TUNEL-positive cardiomyocytes) within the ischemic area 
at risk. The entire area was searched through an orderly shifting of the 
visual field using the outer grids of the eyepiece for orientation. 
TUNEL-positive cardiomyocytes were carefully distinguished from 
TUNEL-positive noncardiomyocytes, such as macrophages. 

To assess the distribution of die infarcted area and TUNEL-positive 
cardiomyocytes in the left ventricular wall, we subdivided the ische- 
mic area at risk into three transmural stratified layers of equal thickness 
(epicardial, middle, and endocardial) in each slice mentioned above 
(Fig 1). We also divided the ischemic area at risk into five radial 
segments, and then these five radial segments were rearranged as (Fig 
1) a right lateral border segment adjacent to the interventricular 
septum; a total of three central segments; and a left lateral border 
segment adjacent to the left ventricular posterior wall. For each of the 
segments or layers, I/R and TUNEL-positive cardiomyocytes were 
calculated, as well as for the entire ischemic area at risk. 

Using some of the paraffin sections of groups 1 and 2, hematoxylin 
and eosin staining was also performed for confirmation of myocardial 
reperfusion injury, such as myocardial cell coagulation, contraction 
bands, bleeding, and inflammatory cell infiltration. 

Genomic DNA Extraction and Agaros 
Gel Electrophoresis 

Rats subjected to the same occlusion and reperfusion protocol as 
groups 1 and 2, respectively (n=3 each group), had their hearts 
excised at 24 hours after reperfusion, and underperfused myocardium 
was delineated using Evans blue. The excised heart was sliced 
immediately as described above. Because TUNEL-positive cardio- 
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Figure 1. Myocardial segments and layers for assessment of 
distribution of the infarcted area and TUNEL-positive cardio- 
myocytes. The three middle slices of the five left ventricular 
slices of each heart were analyzed for measurements of the 
infarcted area and TUNEL-positive cardiomyocytes. The entire 
ischemic area at risk was first divided into five radial segments 
and then classified into three segments (right lateral border, 
central three radial segments, and left lateral border segment). 
The ischemic area at risk (R) was also divided into three myo- 
cardial layers (endocardial, middle, and epicardial layers). The 
measurements of l/R and TUNEL-positive cardiomyocytes were 
done in the entire ischemic area at risk, as well as in each is- 
chemic portion. 



> ;mybcyt» were found mainly in the lateral border zones and the 
ie^ocardial side of the ischemic area at risk (as noted in "Results"), we 
* jf^ted jgresh myocardial specimens from these zones and from the 
-core 6f^in£arcted zones (mainly corresponding to the zone of the 
c&itral segment, including middle and epicardial layers in Fig 1) for 
DNA extraction. Each myocardial specimen weighed *»0.2 mg and 
was minced in homogenization buffer (10 mmol/L Tris-HCl, 
150 mmol/L NaCl, and 10 mmol/L EDTA, pH 8.0) at 0°C and 
homogenized for 15 seconds at 10 000 rpm using a Polytron homog- 
enizer (Kinematica AG). The homogenate was then treated with 100 
ftg/mL proteinase K and 0.1% SDS for 90 minutes at 50°C. The 
DNA was extracted with phenol and chloroform followed by ethanol 
precipitation. The pellet was resuspended in TE buffer (10 mmol/L 
Tris-HCl, pH 8.0, and 1 mmol/L EDTA) and treated with DNase- 
free RNase (Boehringer-Mannheim) for 2 hours at 37°C. The 
concentration of DNA was measured through spectrophotometry, 
and 10 /xg of each DNA sample was then electrophoretically fraction- 
ated on a 1.5% agarose gel containing ethidium bromide at a 
concentration of 0.4 jxg/mL. DNA was visualized with a UV (302 
nm) txansilluminator, and the gel was photographed with the use of a 
Polaroid camera. 

Statistical Analysis 

Data are expressed as mean±SEM. To compare group 1 (control 
ischemia/reperfusion) with group 2 or to compare the two groups of 
sham-operated rats, an unpaired t test was performed- For comparisons 



between the positive anti-PMN control and the other groups, 
one-way ANOVA followed by Fisher's posthoc comparison was 
carried out. For comparisons in I/R and TUNEL-positive cardio- 
myocytes among different myocardial portions, two-way ANOVA 
followed by Fisher's posthoc comparison was carried out A value of 
FK.05 was considered statistically significant. 

Results 

Hemograms 

White blood cell counts just before death revealed no differ- 
ence between group 1 (9502±351/^tL) and group 2 
(9350±435//x,L). In anti-PMN-treated rats, white blood cell 
counts were 956±132//xL (P<.0001 versus group 1 and group 
2) before coronary occlusion and 1081±156//iL (P<.0001 
versus group 1 and group 2) just before death. In this positive 
control group, lymphocytes made up most of the white blood 
cells (>99%). 

Positive Control for the Rat Model of 
Reperfusion Injury 

The ischemic area at risk was 53.0±2.5% (NS versus group 1 
and group 2), and the I/R was 51.0+1.7% (P<05 versus 
group 1, NS versus group 2). 

Hemodynamics 

Although the LVSP did not differ between groups 1 and 2, the 
LVEDP of group 2 was lower (P=.04) than that of group 1 
(Table). The positive LV dP/dt of group 2 was greater (P= .02) 
. than that of group 1, but the heart rates of the two groups did 
not differ. 

For the sham-operated rats, administration of DMSO or 
saline resulted in no differences in LVSP/EDP or LV dP/dt 
value or in the heart rate. 

Myocardial Infarct Size and 
TUNEL-Positive Cardiomyocytes 

The ischemic areas at risk of groups 1 and 2 were similar 
(53.9±2.9% in group 1 and 55.4±3.0% in group 2, NS). In the 
entire ischemic area at risk, the I/R of group 2 (52.4±4.0%) 
was significantly (P=.02) smaller than that of group 1 
(66.6±3.7%) (Fig 2, left). The I/Rs of left and right lateral 
border segments or endocardial and epicardial layers were 
smaller (P<.05, <.05, or P<.05, <.01, respectively) than that 
of the central segment or that of the middle layer in group 1 
(Fig 3). In group 2, the I/Rs of all of three myocardial 
segments and all of three layers were smaller (P<.05, each) 
than those of group 1. 

We confirmed that all nuclei of cardiomyocytes on sections 
subjected to DNase treatment (as a positive control for the TUNEL 



Hemodynamics Before Death 



Group 


LVSP/LVEDP, mm Hg 


LV dP/dt, mm Hg/s 


Heart Rate, bpm 


1 


133±5/9±1 


+4296±204/-4385±337 


428±18 


2 


136±a/5±1* 


+ 4907 ± 1 29*/- 471 5 ±227 


409±14 


PMN-depleted (positive controls) 


126±1/6±1 


+4716±143/-4684±130 


410±10 


Sham with DMSO 


139±5/2±1f 


+5545±205f/-5468±131t 


390±10 


Sham with saline 


. 137±2/2±1t 


+5440±147t/-5088±316 


398±14 



In group 2, LVEDP was lower and +LV dP/dt was higher than In group 1. 
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Figure 2. Infarct size and TUNEL-positive cardiomyocytes in 
the entire underperfused and then reperfused area. Left, l/R. 
Right, TUNEL-positive cardiomyocytes in the ischemic area at 
risk. The column representing the infarcted area was lower 
(P=.02) for group 2 than for group 1. The counts of TUNEL- 
positive cardiomyocytes in group 2 were lower (P=.0002) than 
in group 1. Group 1, infarcted rats (n=8) administered vehicle; 
group 2, infarcted rats (n=8) treated with ZVAD-fmk at a total 
dose of 3.3 mg/kg. 



method) were stained dark brown each time the TUNEL method 
was performed The concentration of the TUNEL-positive cardio- 
myocytes of group 2 (3.1 ±0.9%) was significantly (P=.00G2) less 
than that of group 1 (11.1 ±1.0%) (Kg 2, right). In group 1, 
TUNEL-positive cardiomyocytes were greater in left and right lateral 
segments (P<.G5, <.01, respectively) than in the central segment and 
greater in the endocardial layer (P<01) but smaller in the epicardial 
layer (P<.01) than in the middle layer (fig 4). In group 2, TUNEL- 
positive cardiomyocytes of all of three segments (K.01, each) and of 
endocardial, middle, and epicardial layers (P<.01, <.01, <.05, 
respectively) were smaller than those of group 1 (Figs 4 and 5). 
Therefore, there were no significant differences of TUNEL-positive 
cardiomyocytes in group 2 among the three myocardial segments or 
three myocardial layers (fig 4). 

Neither TTC-negative zones nor TUNEL-positive cardio- 
myocytes were detected in the sham-operated rats adminis- 
tered DMSO or saline. 
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Figure 3. The l/R in myocardial segments or myocardial layers. 
In group 1, the l/R was smaller in left and right lat ral border 
segments (P<.05, respectively) than the central segment (left). 
Furthermore, in this group, the l/R was smaller in endocardial 
and epicardial layers (P<.05, <.01, respectively) than the middle 
layer (right). In group 2, the l/R of three myocardial segments 
(left) and of thre myocardial layers (right) was smaller than that 
of the corresponding segments or layers of group 1 (P<.05, 
respectively). 
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Figure 4. The TUNEL-positive cardiomyocytes in myocardial 
segments or myocardial layers within the ischemic area at risk. 
In group 1 , TUNEL-positive cardiomyocytes of left and right lat- 
eral border segments (left) were greater than that of the central 
segment (P<.05, <.01, respectively). In this group, TUNEL-posi- 
tive cardiomyocytes of the endocardial layer or those of the epi- 
cardial layer were greater (P<.01) or smaller (P<,01) than those 
of the middle layer, respectively (right). In group 2, TUNEL-posi- 
tive cardiomyocytes were smaller than those of group 1 in all of 
three myocardial segments and three myocardial layers (P<.05 
or<.01). 



Agarose Gel Electrophoresis 

DNA laddering indicative of fragmented DNA was clearly dem- 
onstrated in myocardial specimens sampled from the lateral border 
zones and the endocardial side of the ischemic area at risk in group 
1 (lane 4) but was attenuated in group 2 (lane 3), as shown in Hg 
6. DNA laddering in the core of infarction was attenuated in 
group 1 (lane 2) and was absent in group 2 (lane 1). 

Discussion 

The present study revealed that administration of ZVAD- 
fmk reduced both the size of the myocardial infarct, as 
assessed through TTC staining, and the number of 
TUNEL-positive cardiomyocytes, with significant hemo- 
dynamic improvement in vivo in rats that underwent the 
30-minute coronary occlusion and 24-hour reperfusion 
procedure. TUNEL-positive cardiomyocytes appeared to 
be apoptotic in this study because well-defined (group 1) or 
attenuated (group 2) DNA laddering on electrophoresis was 
consistent with a higher or lower value of TUNEL-positive 
cardiomyocytes, respectively, in the ischemic area at risk of 
the two groups. In a preHminary study using frozen sections, 
we confirmed that none of the TUNEL-positive cardio- 
myocytes were stained with TTC. Therefore, a reduction in 
their number appeared to contribute to a reduction in the 
myocardial infarct size. These results suggested that ZVAD- 
fmk was effective in reducing myocardial reperfusion injury, 
which could be at least partially attributed to the attenuation 
of cardiomyocyte apoptosis. 

ZVAD-fmk achieved ^21% decrease in the I/R and ~72% 
. decrease in TUNEL-positive cardiomyocytes, as ratios com- 
pared with the control ischemia/reperfusion. However, the 
absolute value for decrease in TTC unstained area (^14%) 
appeared somewhat greater than that of TUNEL-positive 
cardiomyocytes («8%) (Fig 2); we must be careful to simply 
compare the absolute values of TUNEL-positive cardiomyo- 
cytes with the I/R because the methodology for quantification 
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Figure 5. Light mkroscopic findings on the dstribution o* 7UNQ.-positive cardbmyocytes at 24 hours after reperfusion. A, TUNEL-positive cartfio- 
myocytes (arrows) in the endocardial layer of ischemic area at risk on the section from group 1 at a high magnification. B, Possibly necrotic cardio- 
myocytes (top to middle) and a 7UNe_-jx>srrjve cardiomyocyte (bottom) In the middle layer on the section from group 2. TIJNEL-posirjve carcOo- 
myocytes were frequentiy detected in the endocardial layer in group 1 (control isctiemia^epen\ision) (A). In this group, TUNEL-positive 
cardiomyocytes were widely spread close to endocardium. In contrast, only a few TUNEL-positive carcComyocytes were detected mainly in the 
enobcardial side close to the core of infarction in group 2 Oscr^mia/reperrusion with admirustration of ZVAD-fmk) . The core of Warction consisted of 
possibly necrotic caixibmyocytes with appearance of disappeared nuclei and degenerated cytoplasm (B). TUNEL-positive (^KDmyocytes did not 
coexist with the mass of these degenerated cardiomyocytes but were present in the surrounding area within central segments or middle layers 



was not the same between TTC staining (histochemical area 
measurement on myocardial slices) and the TUNEL method 
(histological ceU counting on paraffin sections). Furthermore, 
we cannot exclude the possibility that ZVAD-fmk interferes 




Figure 6. Agarose gel electrophoresis. S indicates size marker (bp). 
Lane 1, sampled from the core of infarction in myocardium with the 
same experimental protocol as group 2; lane 2, sampled from the 
core of infarction in myocardium with the same experimental protocol 
as group 1; lane 3, sampled from endocardial and lateral border 
zones of the ischemic area at risk in myocardium with the same 
experimental protocol as group 2; and lane 4, sampled from endocar- 
dial and lateral border zones of the Ischemic area at risk in myocardi- 
um with the same experimental protocol as group 1 . DNA laddering 
was well defined in the sample from peripheral zone of the ischemic 
area at risk in control ischerriia/rBperfusion (lane 4), but DNA ladder 
formation was attenuated in peripheral zone of the ischemic area at 
risk in the ZVAD-fmk-treated ischerrda/reperfusfon (lane 3) or in the 
core of infarction in control isdiemia/reperfusion (lane 2). DNA ladder 
was not detected in the core of Infarction in ZVAD-fmMreated ische- 
mia/reperfusion (lane 1). 



with myocardial necrotic process as well as the apoptotic 
process. 16 " 18 Tsujimoto and colleagues 1718 recently revealed that 
ICE inhibitors retarded necrotic cell death as well as apoptotic 
cell death in their in vitro system of chemical hypoxia. The 
authors speculated that there was possible involvement of 
common mediators in apoptotic and necrotic signal transduc- 
tions, although their detailed mechanisms remain to be deter- 
mined. In the present study, we might have observed effects of 
ZVAD-fmk on these possible but undetermined common 
mediators. However, our examination in an in vivo system is 
not suited for approach to signal transductions of these two 
forms of cell death. The third possibility is the difference in 
time from initiation of cellular change until elimination be- 
tween apoptosis and other types of cell death, both forming the 
infarction. Apoptotic cells are eliminated through phagocytosis 
in a few minutes in an in vitro condition 19 and in a few hours 
in an in vivo condition. 20 In contrast, necrotic cardiomyocytes 
are eliminated much slowly by infiltrating inflammatory cells. 
Although a turnover of apoptotic cardiomyocytes in vivo has 
not been clarified so far, it may be speculated that the amount 
of TUNEL-positive cells quantified at a death stage may not 
equal the total amount of apoptotic cardiomyocytes that appear 
during a 24-hour reperfusion period. 

To date, nothing is known about the fate of cardiomyocytes 
that have been exposed to ZVAD-fmk but have not under- 
gone a proapoptotic process, such as initiation of apoptotic 
signal transduction via TNF receptor. These cardiomyocytes 
may continue to survive or may undergo an early death 
because of injury already sustained. Myocardial infarct size was 
assessed only at 24 hours after reperfusion in the present study. 
Future studies will be needed to evaluate the viability of 
cardiomyocytes that escape apoptosis through assessment of 
infarct extension in the later phase of reperfusion. 
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Abstract 



An imbalance of T helper cell type 1 (Thl)yersus type 2 CTh2) polarization in favor ofTM cell subsets appears to be a key pathogenic 
mechanism in chronic inflammatory bowel disease (TOD), in particular in Crohn's disease. Tne interferon y-inducing factor bterleuMn 
(^)-18 acts in strong synergism with the Thl polarizing cytokine IL-12. Recent studies provide evidence for the participation of IL-18 in 
ttie pathogenesis of IBD: IL-18 expression is increased in inflamed lesions of Crohn's disease patients and neutralization of IL-18 in 
Afferent models of experimental colitis resulted in a dramatic amelioration of disease severity. IL-18 and IL- 10 are cleaved and thereby 
activated by the mterleukin-ip converting enzyme (ICE). Activation of ICE also occurs during different types of infectious colitis, and 
ICE expression and subsequent release of IL-lp and IL-18 significantly contribute to intestinal inflammation. ICE knockout mice as well 
as mice treated with the ICE inhibitor pralnacasan are protected against experimental mucosal inflammation. Thus, inhibition of ICE 
represents an intriguing new target that requires further investigation in animal models. © 2002 Elsevier Science Inc. All rights reserved 



( jpeywords: Inflammatory bowel disease; InterleuMn-ip converting enzyme; IL-18; IL-lp; Experimental colitis 



1. Introduction 



Human IBD is a chronic, relapsing, and remitting inflam- 
matory condition of unknown origin that afflicts individuals 
of both sexes throughout life. Studies in humans with IBD 
suggest that genetic and environmental factors contribute to 
the pathogenesis of these disorders [1]. Studies in experi- 
mental models of mucosal inflammation provide profound 
insight into the understanding of pathologies of mucosal 
immunity, thereby guiding investigators towards new inno- 
vative therapeutic strategies for IBD. 

Several approaches focusing on the inhibition of the pro- 
inflammatory Thl response, such as treatment with a 
chimeric antibody against TNFa in patients with Crohn's 
disease [2] or administration of antibodies against IL-12 in 
experimental mucosal inflammation, have been shown to 
be dramatically effective [3,4]. Studies from the recent 
literature suggest that inhibition of the IFNy-inducing 



factor IL-18, which strongly synergizes with IL-12, might 
be of therapeutic significance as well. IL-18 and IL-lp 
require cleavage by the ICE, also named caspase-1 [5], to 
become active mediators. The availability of ICE inhibitors 
offers a strong pharmacological tool for in vivo evaluation. 
The present review will focus on ICE, the biological 
activities of IL-18, the relevance of BL-18 neutralization 
during intestinal inflammation, and, hence, the possible 
significance of ICE inhibition. 



'Tel.: +1-303-3 15-3558; fax: +1-303-315-8054. 
E-mail address: britta.siegmund@gmx.net (B. Siegmund). 
Abbreviations: ICE, interleukin-ip converting enzyme; Thl/2, T helper 
-ell type 1/2; IL, interleukin; IBD, inflammatory bowel disease; IFNy, 
U-Jferferon-y; TNFa, tumor necrosis factor-a; DSS, dextran sulfate sodium; 
^TNBS, trinitrobenzene sulfonic acid; IL-18BP, IL-18 binding protein; and 
hIL-18BPa, human IL-18BP isoform a. 



2. ICE 

2 J. Definition of ICE 

ICE or caspase-1 is a member of a large family of 
intracellular cysteine proteases known as caspases. The 
term caspase stands for cysteine proteases cutting after 
aspartic acid [6]. The ICE gene codes for a 45 kDa inactive 
precursor protein that is constitutively expressed in many 
cell types. Whereas most caspases appear to be involved in 
the enzymatic pathways leading to apoptosis, ICE probably 
plays a lesser role in that function, and its predominant role 
is in the processing of IL-lp and IL-18. As with most 
caspases, the 45 kDa precursor of ICE requires two internal 
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Fig. 1. Synthesis, ICE processing, and secretion of IL-ip and IL-18. A human monocyte is shown. After cell stimulation, mRNA for pro-IL-ip is induced 
and enters the cytosoL Pro-ICE is cleaved into active ICE by members of the caspase family including ICE itself. Pro-IL-lp is found diffusely in the cytosol 
and is cleaved by active ICE into mature IL-ip, which is secreted from the cell. Pro-IL-18 is expressed constitutively, as is the IL-18 mRNA. After 
stimulation of the monocyte, pro-EL-18 is cleaved by activated ICE and released. 



cleavages before being enzymaticaUy active as a hetero- 
dimer comprised of a 10 and 20 kDa chain. ICE itself 
contributes to autoprocessing of the ICE precursor by 
undergoing oligomerization with itself or other members 
of the caspase family, such as caspase-3 [7,8]. Each 
caspase appears to have limited substrate specificity: 
pro-IL-lp and pro-IL-18 have been identified as substrates 
for ICE. The activation of ICE and the subsequent activa- 
tion of IL-ip and IL-18 are illustrated in Fig. 1 and will be 
discussed in more detail below. 

2.2. Regulation of ICE 

Activation of ICE is often associated with generalized 
cell activation and IL-ip and IL-18 production. Although 
endotoxin activates ICE as well as the synthesis of IL-lp, 
endogenous cytokines also possess this dual property. For 
example, the CD40 ligand, a member of the TNFoc super- 
family of ligands, activates ICE and leads to secretion of 
IL-ip from human endothelial and smooth muscle cells 
[9]. IFNy also induces ICE expression, but not activation, 
in macrophages [10]. Not surprisingly, there is evidence 
that the regulation of ICE activity is affected by intracel- 
lular inhibitors. One such inhibitor is the serine proteinase 
inhibitor 9, which reduces ICE activity in cultured human 
smooth muscle cells [11]. Nitric oxide is a potent inhibitor 
of caspase activity through a mechanism that involves S- 
nitrosylation [12,13]. Accordingly, nitric oxide prevents 
the release of both IL-ip and IL-18 in the extracellular 
space [14]. 



23. Blockade of ICE in disease 

The role of ICE has been characterized in several models 
of in vivo inflammation. ICE-deficient mice are resistant to 
lethal endotoxemia, but this is due to a failure to process pro- 
IL-18 and induce IFNy rather than to inhibition of IL-ip 
[15,16]. In different models of acute pancreatitis, inhibition 
of ICE by the administration of an irreversible ICE inhibitor 
was shown to be protective [17,18]. Moreover, ICE knock- 
out mice were found not to develop acute pancreatitis despite 
induction [19]. In addition, administration of an irreversible 
ICE inhibitor resulted in reduced inflammation in the mouse 
model of collagen-induced arthritis [20]. Furthermore, in 
melanoma studies, the number of hepatic metastases after 
intrasplenically injected mouse B16 melanoma cells was 
84-95% lower in ICE knockout than in wild-type mice [2 1]. 

2A. ICE in infectious intestinal inflammation 

Three examples in the recent literature provide evidence 
that infection with distinct microorganisms and concurrent 
intestinal inflammation strongly depend on ICE activity. 
Enterobacteria of the genus Shigella are the causative 
agents of bacillary dysentery, manifested by painful 
abdominal cramps, fever, and characteristic blood and 
mucus in the stools [22], Resident macrophages infected 
with Shigella fiexneri undergo apoptosis [23,24] and 
release IL-ip, thereby initiating an inflammatory cascade 
[25-27]. Apoptosis induction as well as IL-lp maturation 
can be prevented by ICE inhibitors [28]. 
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[: The protozoan parasite Entamoeba histolytica, which 
causes amoebic dysentery and amoebic liver abscesses, is 
one of the leading causes of death from parasitic diseases 
worldwide [29]. Intestinal inflammation and ulceration are 
the hallmarks of amoebic dysentery [30-32]. Amoebic 
cysteine proteases are mandatory as virulent factors, as 
cysteine proteinase-deficient amoeba failed to induce 
intestinal epithelial cell production of IL-lp and IL-18, 
accompanied by significantly reduced gut inflammation 
and damage to the intestinal permeability barrier [33], 

Salmonella typhimurium invades host macrophages 
and can either induce rapid cell death or establish an 
intracellular niche within the phagocytic vacuole [34]. 
SipB, a protein translocated by Salmonella into the 
cytoplasm of macrophages, is required for the activation 
of ICE [35], ICE knockout mice have an oral Salmonella 
typhimurium ld 50 that is 100-fold higher than that of 
wild-type mice, accompanied by a decrease in apoptotic 
cells and decreased Salmonella dissemination [36,37]. 
These three examples point out that the activation of ICE 
and the subsequent release of IL-lp and IL-18 play a 
significant role in intestinal inflammation during 
infection. 

2.5. ICE in IBD 

A study on ICE in the context of IBD by McAIindon and 
colleagues [10] led to an important observation. Exposure 
of normal colonic macrophages to lipopolysaccharide 
induced only ; Ae ; production of the precursor of IL-ip, 
because the cells failed to activate ICE. In contrast, colonic 
macrophages from patients with IBD were able to activate 
ICE and hence release mature IL- 1 p in a manner similar to 
circulating monocytes. This is consistent with recent 
recruitment of IBD macrophages from the circulating 
monocyte population. Recent studies from our group 
examined the acute and chronic model of DSS-induced 
colitis in ICE knockout mice [38]. In particular, during 
chronic administration of DSS over 4 weeks, ICE knockout 
mice presented with an almost complete absence of colitis. 
This significant amelioration was accompanied by reduced 
cell activation in the draining mesenteric lymph nodes and 
a significant reduction of the pro-inflammatory cytokines 
IH8, IFNy, and IL-ip in the colon. 

Several ICE inhibitors are available for experimental use 
in vivo or in vitro. Pralnacasan, an orally active inhibitor of 
human ICE, has been administered to healthy volunteers in 
phase I trials. The phase I and phase II clinical programs 
have confirmed that pralnacasan is well absorbed from oral 
solutions and tablet formulations and achieves plasma 
levels sufficient to inhibit production of IL-lp in an ex 
Mvo assay. The preliminary safety profile from these 
studies in healthy volunteers and rheumatoid arthritis 
patients is excellent. Pralnacasan is currently in phase II 
trials in rheumatoid arthritis. No toxic side-effects have 
been observed [39]. Pralnacasan has also been adminis- 



tered to mice during acute DSS-induced colitis, resulting in 
significant amelioration of disease activity [40]. 



3. Possible mechanisms for the protective role 
of ICE inhibition in IBD 

3 J. Biological activities of ILrlfl and IL-18 

Monocytes/macrophages are the best studied source of 
IL-18 [41], Most of the information on the production of 
IL-18 is derived from mice preconditioned with Propio- 
nibacterium acnes and subsequently challenged with lipo- 
polysaccharide, the original model used to isolate and 
clone this cytokine [42]. In this particular model, Kupffer 
cells in the liver are the major producers of IL-18 [42,43]. 
Differently from what was previously observed for IL-ip 
[44,45], constitutive gene expression for IH8 is present in 
unstimulated, freshly isolated human peripheral blood 
mononuclear cells as well as murine splenocytes [46] 
(see also Fig. 1). Constitutive expression of IL-18 mRNA 
has been observed in many hematopoietic cell lines [47]. 
The structure of the promoter region of the IL-18 gene 
provides insight into these observations. The promoter for 
IL-18 does not contain a TATA box, and promoter activity 
upstream of exon 2 acts constitutively [48]. The additional 
finding that the 3' untranslated region of human ILrl8 lacks 
the AUUUA destabilization sequence is also consistent 
with these observations [48]. 

IL-18 acts via an IL-18 receptor complex. The BL-18 
receptor complex consists of two non-identical chains: a 
ligand binding chain termed IL-18a and a non-ligand 
binding chain termed IL-18P [49-51], IL-18 does not 
directly induce IFNy and other Thl cytokines [52], but 
acts together with IL-2 or IL-12 as a costimulant The 
synergism between IL-12 and IL-18 and the subsequent 
effects on the immune system are illustrated in Fig. 2. 

IL-lp is not constitutively expressed in healthy subjects 
[53,54]. Intracellularly, IL-lp is found diffusely in the 
cytosol rather than localized in the endoplasmic reticulum 
or Golgi structures [55,56] (Fig. 1). Nearly all microbes and 
microbial products induce production of IL-lp, but stimu- 
lants of nonmicrobial origin can also stimulate transcription 
[57]. Stimuli such as complement factor 5a, hypoxia, 
adherence to surfaces, and clotting blood induce the synth- 
esis of large amounts of IL-lp mRNA in monocytic cells 
without significant translation into IL-lp protein. A second 
stimulus, such as pro-inflammatory cytokines including IL- 
1P itself, activates translational mechanisms resulting in 
translation of the IL-lp mRNA. A review on the biological 
actions of IL-lp can be found in Ref. [57]. 

5.2. Cleavage oflL-lfi and IL-18 by ICE 

Posttranslational, enzymatic processing is a critical step 
in the modulation of the activity of several cytokines. The 
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Fig. 2. Biological activities of IL-18 and cell activation. Starting at die upper left, monocytic/macrophagic cells use ICE to cleave inactive pro-IL-18 into 
active IL- 18, which is then secreted from the cell. The same cells also release IL-1 2 by an ICE-independent mechanism. The combination of IL-18 and IL-12 
causes T lymphocytes and natural killer (NK) cells to produce IFNy, which (a) acts on macrophages to increase ICE expression and further activates the 
macrophage, and (b) activates CD4 + T lymphocytes as part of the Thl response. The IL-18/IL-12-stimulated T cell or NK cell releases several lymphokines, 
TNFa, and/or Fas ligand (FasL). In turn, these cytokines stimulate macrophages to release TNFa, FasL, IL-8, and IL-lp, which result in increased 
inflammation. The IL- 1 8/IL- 1 2-stimulated T lymphocyte or NK cell also releases IFNy and IL-2, which result in the generation of cytotoxic T cells. 



genes for some cytokines do not encode for a typical signal 
sequence common to the vast number of secretory, struc- 
tural, and membrane-bound proteins. IL-10 and IL-18 are 
examples of cytokines lacking a leader peptide [7,57,58]. 
These cytokines gain access to the extracellular environ- 
ment via secretory mechanisms that are linked to their 
processing. The relationship between the unprocessed IL- 
lp and IL-18 and the mature form of both cytokines is 
essential to identify the pleiotropic functions of these 
molecules. Both pro-IL-ip and pro-IL-18 are biologically 
inactive [57]. 

Following synthesis, pro-IL-10 remains primarily cyto- 
solic until it is cleaved and transported out of the cell 
(Fig. 1). Release of mature IL-10 is often linked to the 
cleavage at the aspartic acid-alanine (amino acid 1 16-1 17) 
site by ICE [59]. If pro-IL-10 is released into the extra- 
cellular space, for example, following cell death or necro- 
sis, there are several extracellular proteases that can cleave 
pro-IL-10 into an active cytokine [60-63]. 

3.3. IL-1 ft and intestinal inflammation 

The role of IL-10 in intestinal inflammation depends 
upon both the up-regulation of IL-10 production and the 
level of its naturally occurring inhibitor, the IL-1 receptor 
antagonist (ILlRa). Indeed, there is evidence that the 
balance of IL-1 and EL-lRa may affect disease outcome. 
For example, mice deficient in IL-IRa develop sponta- 
neous rheumatoid arthritis and lethal arteritis [64,65]. 
Administration of IHRa reduces disease severity in sev- 
eral models of intestinal inflammation [57], including 
decreased immune complex-induced colitis severity in 
rabbits [66]. A review of the role of IL-10 in intestinal 
inflammation has been provided in Ref. [67]. 



3.4. IL-18 and intestinal inflammation 

Several studies provide strong direct and indirect evi- 
dence for a significant role of IL-18 in intestinal inflam- 
mation. Nakamura and colleagues confirmed in vivo the 
synergistic effect of 11^12 and IL-18, originally described 
in vitro [68], by concomitant injection of both cytokines or 
either one alone [69]. While mice injected with IL-18 alone 
did not present with macroscopic changes, IL-12-injected 
mice showed significant weight loss and colitis. However, 
the combined administration of both cytokines resulted in 
severe colitis and high mortality. Chikano and colleagues 
[70] confirmed this in vivo synergism and showed, in 
addition, that the intestinal inflammation occurs in an 
IFNy-dependent but TNFa-, NO- and Fas ligand-indepen- 
dent manner. Consistent with an increased Thl response in 
Crohn's disease, several groups could independently 
demonstrate a significant up-regulation of IL-18 expres- 
sion in the inflamed lesions of the intestine, mostly loca- 
lized to macrophages and epithelial cells [7 1 ,72], 
Interestingly, no increase in IL-18 expression could be 
observed in inflamed lesions from patients with ulcerative 
colitis, which is partly characterized by an increase of Th2 
cytokines [72]. While increased IL-18 expression is pro- 
viding first evidence for a possible role in disease, in order 
to prove that IL-18 participates in the inflammatory process 
of intestinal inflammation it has to be demonstrated 
that blockade of IL-18 results in amelioration of disease 
severity. 

In the recent literature, four studies using different 
animal models of colitis and different ways of IL-18 
blockade approach this question. An overview is provided 
in Table 1, and the studies are summarized in the subse- 
quent paragraphs. Our group examined the role of DL-18 
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|Table 1 

Blockade of IL-18 in experimental colitis in mice 



Animal model of colitis 



J^£8Jblo^ng ■ sggg^ 



Study results 



Dextran sulfate sodium 



Trinitrobenzene sulfonic acid 



Anti-IL-18 antiserum 



Anti-IL-18 antibody 



Trinitrobenzene sulfonic acid IL-18 binding protein 



CD62L + CD4 + transfer model Local administration of 

adenovirus expressing 
IL-18 antisense mRNA 



IL-18 expression localized to intestinal epithelial cells 
Colitis aggravation accompanied by IL-18 increase 
Histological amelioration of colitis by anti-IL-18 treatment 
Significant decrease in IFNy, IL-18, and TNFa in the colon after 
anti-IL-18 treatment 

IL-18 expression localized to macrophages 

Anti-Mac 1 -saporin antibody as well as neutralizing antibody against 
DL-18 resulted in a dramatic histological attenuation of colitis 
TNBS cannot induce significant colitis in the IL-18 knockout mice 
Reduction in IFNy in IL-18 knockout, anti-IL-18 or 
anti-Mac 1 -saporin-treated mice 

Significantly less histological signs of inflammation after 
hIL-18BPa treatment 

Significant reduction in TNFa, IL-lp, and IL-6, but no decrease in 
IFNy, IL-10, and IL-4 in colon homogenates 

IL-18 expression localized to intestinal epithelial and some 

mononuclear cells in the lamina propria 

Significant decrease in inflammation after treatment, 

as evaluated histologically and endoscopically 

Attenuation of IL-18 synthesis in lamina propria mononuclear 

cells after treatment 



Refere nces 
[73] 



[77] 



[78] 



[81] 



blockade in the model of DSS-induced colitis [73]. In this 
r-rFttiaoteU colitis is induced chemically and is associated with 
{ jthe^up-regulation of pro^inflammatory cytokines [74]. 
: . ^Colitis can be induced in severe combined immunodefi- 
^cieMy mice by DSS administration and hence is not T 
: mcellKiependent [75]. ^However, during the course of DSS- 
*indiieed colitis, T cells become activated at the inflamma- 
tion site and participate in the inflammatory process [76]. 
In this model, an anti-IL-18 antiserum was administered to 
achieve IL-18 blockade. IL-18 expression could be loca- 
lized to the epithelial cells and was reduced significantly in 
anti-IL-18- treated mice. Blockade of IL-18 was accom- 
panied by a significant reduction in the release of other pro- 
inflammatory cytokines. In addition, histological signs of 
inflammation were decreased significantly by blockade 
with anti-IL-18. 

Kanai and colleagues [77] investigated the model of 
TNBS-induced colitis and focused in particular on the role 
of IL-18 produced by macrophages. It is hypothesized that 
the ethanol used as a vehicle in the rectal administration of 
TNBS disrupts the mucosal epithelial barrier, enabling this 
hapten to bind covalently to proteins of colonic epithelial 
cells and modify cell surface proteins. Fragments of these 
altered cells can be taken up by macrophages and dendritic 
cells for presentation to T cells as antigens, resulting in a 
Thl-dominated colitis. Earlier studies showed that admin- 
istration of neutralizing IL-12 antibodies and thereby 
r ^blockade of the Thl pathway is protective [3], In mice 
x^treated with an anti-IL-18 antibody as well as in IL-18 
knockout mice, TNBS was unable to induce significant 
colitis. An increase in IL-18 synthesis in this model could 
be localized to the macrophages. In fact, administration 
of an antibody conjugated to the ribosome-inactivating 



protein saporin directed against macrophages also resulted 
in protection against TNBS-induced colitis. r 

Ten Hove and colleagues [78] also examined the model 
of TNBS-induced colitis; however, they applied a different 
strategy to neutralize IL-18. In this study, IH8BP, a 
naturally occurring EL- 18 antagonist, was administered 
[79]. The human H^18BP gene encodes for four different 
isofonns (a-d) generated by alternative mRNA splicing 
[80], These isoforms vary in their ability to bind IL-18; 
only human IL-18BP isoform a (UL-18BPa) and isoform c 
have a neutralizing ability, and recombinant hIL-18BPa 
neutralizes murine IL-18. In this study, mice were treated 
with recombinant hIL-18BPa during the course of TNBS- 
induced colitis. Blockade of IL-18 by the recombinant hlL- 
18BPa resulted in a reduced clinical score accompanied by 
reduction of TNFa, IL-6, and H^ip in the colon homo- 
genate, while IFNy, EL- 10, and IL-4 remained unchanged. 

Finally, Wirtz and colleagues [81] neutralized EL- 18 by 
local administration of an adenovirus expressing DL-18 
antisense mRNA in the T cell-dependent transfer model 
of colitis. This model is based on the transfer of CD62L + 
CD4 4 * T cells in severe combined immunodeficiency mice 
resulting, after 6-12 weeks, in chronic colitis, which is 
histologically similar to Crohn's disease in humans [82]. In 
this study, a significant reduction in DL-18 by adenovirus 
infected mice expressing IL-18 antisense mRNA was 
accompanied by a decrease in endoscopically and histo- 
logically evaluated inflammation as well as in IFNy pro- 
duction. 

Interestingly, when comparing these four studies, the IL- 
18 knockout mice as well as the administration of the 
neutralizing antibody, the antiserum, or the adenovirus 
expressing IL-18 antisense mRNA seem to result in a more 
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dramatic amelioration than the administration of recombi- 
nanthIL-18BPa. In particular, in the IL-18 knockout mice, as 
well as in the studies with the neutralizing anti-EL-18 anti- 
body/antiserum or after local administration of the adeno- 
virus expressing IL-18 antisense mRNA, a significant 
reduction in colonic IFNy concentrations was observed. 
However, no suppression could be measured in mice after 
recombinant hIL-18BPa treatment [73,77,78,81]. These 
differences are of significance and may point out that, 
although in theory all strategies described aim at the neu- 
tralization of IL-18, the DL-18BP might exert additional 
biological functions that are currently unknown and require 
further investigations in the future. 

The pathogenesis of inflammatory bowel diseases 
remains elusive. However, results from these experimental 
models, in combination with the descriptive data from 
patients with Crohn's disease, suggest an important func- 
tion of IL-18. 



4. C nclusions 

The studies in the chronic and acute DSS model suggest 
that the ICE may contribute to IBD. However, further 
investigations on the effect of ICE inhibitors in other 
animal models of experimental colitis are necessary to 
evaluate whether a similar efficacy can be achieved when 
compared with the results obtained from single IL-18 or 
IL-1P blockade. In addition, an IL-lfJ- and IL-18-inde- 
pendent, yet unknown, mechanism might contribute to the 
anti-inflammatory function of ICE blockade. Compared to 
currently used strategies to suppress specific cytokines, 
which mostly implicate antibody therapy, the possibility of 
having an orally available drug whose half-life can be 
easily controlled is highly intriguing. 
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The proinflammatory cytokine IL-18 was investigated for its role in 
human myocardial function. An ischemia/reperfusion (l/R) model 
of suprafused human atrial myocardium was used to assess myo- 
cardial contractile force. Addition of IL-18 binding protein (IL-18BP), 
the constitutive inhibitor of IL-18 activity, to the perifusate during 
and after l/R resulted in improved contractile function after l/R 
from 35% of control to 76% with IL-18 BP. IL-18BP treatment also 
preserved intracellular tissue creatine kinase levels (by 420%). 
Steady-state mRNA levels for IL-18 were elevated after l/R, and the 
concentration of IL-18 in myocardial homogenates was increased 
(control, 5.8 pg/mg vs. l/R, 26 pg/mg; P < 0.01). Active IL-18 
requires cleavage of its precursor form by the IL-1 0-con verting 
enzyme (caspase 1); inhibition of caspase 1 also attenuated the 
depression in contractile force after l/R (from 35% of control to 
75.8% in treated atrial muscle; P < 0.01). Because caspase 1 also 
cleaves the precursor IL-1/3, IL-1 receptor blockade was accom- 
plished by using the IL-1 receptor antagonist. IL-1 receptor antag- 
onist added to the perifusate also resulted in a reduction of 
ischemia-induced contractile dysfunction. These studies demon- 
strate that endogenous IL-18 and IL-1/3 play a significant role 
in l/R-induced human myocardial injury and that inhibition 
of caspase 1 reduces the processing of endogenous precursors of 
IL-18 and IL-^ and thereby prevents ischemia-induced myocardial 
dysfunction. 

During ischemia and reperfusion, numerous endogenous 
mediators, such as small-molecule second messengers, are 
produced that affect myocardial function. Within minutes of an 
ischemic episode, myocardial contractile force diminishes, and 
the overall recovery of contractile force largely depends on the 
duration of the ischemic period (1). For example, during an 
ischemic event, Ca +2 homeostasis is perturbed, oxygen-derived 
free radicals are generated, and nitric oxide (NO) synthesis and 
release takes place. In addition, there is also local production of 
cytokines, particularly tumor necrosis factor a. (TNF-a) and 
11^1/3 (2). In the intact heart, these cytokines contribute to 
ischemia-induced myocardial dysfunction by inducing expression 
of the genes for inducible NO synthase (1), cyclooxygenase 2, and 
phospholipase A2, as well as vascular adhesion molecules and 
several chemokines. As a result, there is immediate depression 
of myocardial contractile force mediated by small-molecule 
messengers, followed by cytokine-mediated neutrophil infiltra- 
tion that further damages heart muscle. Animal hearts studied in 
the absence of blood or blood products elaborate TNF-a (3) and 
IL-10 during an ischemic challenge. Cardiomyocytes also lose 
contractile force because of the action of these endogenous 
cytokines (4). 

Most of the experimental data concerning TNF-a- and IL- 
1/3-mediated myocardial dysfunction are derived from animal 
studies. However, human myocardial tissues obtained from 
patients undergoing elective cardiopulmonary bypass proce- 
dures have been studied under controlled ex vivo conditions (5, 
6). In this experimental model, human atrial trabeculae are 
suspended in a blood-free physiologically oxygenated buffer bath 
and then exposed to an episode of simulated ischemia. During 



this time, contractile force decreases dramatically; when the 
tissue is reexposed to oxygen, the contractile force returns but is 
diminished (60%-70% reduction) and evidence of myocardial 
damage is observed by release of creatine kinase (CK) (5, 6). 
When TNF bioactivity is specifically neutralized during isch- 
emia/reperfusion (I/R), a greater return of contractile force is 
observed, suggesting that endogenous myocardial TNF activity 
contributes to the contractile dysfunction induced by the isch- 
emic event (7). 

In the present study, we asked whether the cytokine IL-18 
contributes to human ischemia-induced myocardial dysfunction. 
IL-18 is a proinflammatory cytokine structurally and function- 
ally related to 11^1/3 (8-10). IL-1/3 and IL-18 are initially 
synthesized as inactive precursors requiring the IL-10- 
converting enzyme (ICE or caspase 1) for cleavage to mature 
biologically active molecules (11, 12). Although IL-lj3 and IL-18 
have distinct cell surface receptors, the receptor chains for each 
cytokine are members of the same receptor superfamily (13, 14), 
and signal transduction is similar (15). For IL-18, however, there 
is a third receptor-like chain, the IL-18 binding protein (IL- 
18BP), that has no transmembrane domain (16). II^18BP is a 
constitutively produced, secreted, and potent inhibitor of 11^18 
activity (16, 17). To assess a role for endogenous 11^18 in the 
heart, a specific natural inhibitor of H^18 activity, IL-18BP, was 
added to the suprafusing bath during I/R. 

Materials and Methods 

Reagents. IL-18BPa isoform was expressed with a N-terminal 
(His)e tag in Chinese hamster ovary cells and purified to 
homogeneity (supplied by Interpharm Laboratories, Nes Ziona, 
Israel). The ability of IL-18BPa-(His) 6 to neutralize IL-18 has 
been described (17). The IL-1 receptor antagonist (IL-IRa) was 
supplied by Amgen Biologicals. The ICE inhibitor (ICEi) Ac- 
Try- Val-Ala-Asp-chloromethylketone (YVAD) was purchased 
from Alexis Biochemicals (San Diego) and solubililized in 
DMSO at 10 mg/ml. The ICEi was diluted in Tyrode's solution 
before being used. On human peripheral blood mononuclear 
cells, the ICEi reduces endotoxin-induced secretion of mature 
II^1J3 by 92%, as measured by ELISA (Cistron Biotechnology, 
Pine Brook, NJ). 

Isolated Atria! Trabeculae. Patients undergoing elective coronary 
artery bypass surgery with a pump oxygenator require insertion 
of a canula into the right atrium. At that time, a small segment 
of the right atrial appendage is routinely excised and discarded. 
Trabeculae were obtained from this discarded tissue. Human 
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atrial tissue was placed in oxygenated modified Tyrode's buffer 
solution at 4°C. Modified Tyrode's solution was prepared daily 
with deionized distilled water and contained D-glucose at 5.0 
mmol/liter, CaCl 2 at 2.0 mmol/liter, NaCl at 118.0 mmol/liter, 
KCl at 4.0 mmol/liter, MgS0 4 *7H 2 0 at 1.2 mmol/liter, NaHC0 3 
at 25.0 mmol/liter, and NaH2P0 4 at 1.2 mmol/liter. The sub- 
strate-free Tyrode's solution contained choline chloride at 7 
mmol/liter to maintain osmolarity. Unless otherwise indicated, 
chemicals and reagents were obtained from Sigma. Two to four 
trabeculae (4-7 mm long and <1.0 mm in diameter) were 
attached to a force transducer and immersed in a heated (37°C) 
30-ml bath of modified Tyrode's solution; a 92.5% 0 2 /7.5% C0 2 
mixture was bubbled during normoxia. This gas mixture pro- 
vided an 0 2 partial pressure of >350 mmHg (1 mmHg = 133 Pa), 
a partial pressure of C0 2 of 36-40 mmHg, and a pH of 7.35-7.45. 
Each parameter was checked routinely with an automated blood 
gas analyzer. The organ bath temperature was maintained at 
37°C throughout the experiment. During simulated ischemia, the 
gas mixture was switched to 92.5% N 2 /7.5% C0 2 . This mixture 
produced an 0 2 partial pressure of <50 mmHg. The buffer 
solution was changed every 20 min except during the 30-min 
period of simulated ischemia. 

Experimental Design. Trabeculae were equilibrated for 90 min to 
increase the baseline stretch force to 1,000 mg and to allow 
stabilization of developed force. Trabeculae that failed to gen- 
erate more than 250 mg of developed force were excluded from 
the study. During the 90 min of equilibration, pacing was 
performed with platinum electrodes (Radnoti Glass, Monrovia, 
CA) for field stimulation. The electrodes were placed on either 
side of the trabeculae, stimulated (Grass SD9 stimulator, War- 
wick, RI) with 6-ms pulses at a voltage 20% above threshold, and 
paced at 1 Hz during normoxia and at 3 Hz during ischemia. 
Contractions were monitored by force transducers (Grass FT03) 
and recorded with a computerized preamplifier and digitizer 
(MacLab Quad Bridge, MacLab/8e, AD Instruments, Milford, 
MA) and continuously monitored with a Macintosh computer. 

After equilibration, trabeculae from a single patient were 
studied under three experimental conditions: control conditions 
consisted of 90 min of normoxic suprafusion; I/R consisted of 30 
min of simulated ischemia followed by 45 min of reperfusion; and 
the third condition consisted of an anticy tokine intervention. In 
the latter case, the anticytokine was added to the suprafusion 
bath just before the onset of ischemia and was present through- 
out the 45 min of reperfusion. 

Preserved Trabecular CK Activity. End reperfusion tissue (90 min) 
CK activity was determined as described (18). Tissues were 
homogenized in 100 vol of ice-cold isotonic extraction buffer (5, 
18). The assay was performed with a CK kit (Sigma) by using an 
automated spectrophotometer. Results are presented as units of 
CK activity per mg (wet weight of tissue). 

RNA Isolation and Reverse Transcription-Coupled PCR. Fresh trabec- 
ulae were homogenized in Tri-Reagent (Molecular Research 
Center, Cincinnati), and total RNA was isolated with chloroform 
extraction and isopropanol precipitation. The RNA was solubi- 
lized in diethyl-pyrocarbonate-treated water, DNase-treated, 
and quantitated by using GeneQuant (Amersham Pharmacia 
Biotech). cDNA methods have been described (19). For each 
PCR, the following sequence was used: preheat at 95°C for 15 
min, then cycles of 94°C for 40 s, 55°C for 45 s, and 72°C for 1 
min, with a final extension phase at 72°C for 10 min. The optimal 
number of cycles was determined as 35. The primers for glyc- 
eraldehyde-3-phosphate dehydrogenase (GAPDH) and human 
IL-18 (19) and for human IL-18BPa (17) have been reported. 
The PCR products were separated on a 1.5% agarose gel 
containing 0.5 X TBE (50 mM Tris/45 mM boric acid/0.5 mM 



EDTA, pH 8.3) with ethidium bromide at 0.5 mg/ml, visualized 
by UV illumination, and photographed. Densitometry was per- 
formed on the negative image (imagequant software, Molec- 
ular Dynamics), and the relative absorbance of the 11^18 and 
IL-18BP PCR products was corrected against the absorbance 
obtained for GAPDH. 

IL-18 Determinati ns. Fresh trabeculae were homogenized as 
described above for CK measurements. 11^18 was analyzed with 
liquid-phase electrochemiluminescence (ECL, Igen, Gaithers- 
burg, MD). Mouse anti-human IL-18 mAb (R&D Systems) was 
labeled with ruthenium (Igen). In addition, affinity-purified goat 
anti-human IL-18 antibody (R & D) was labeled with biotin 
(Igen). The biotinylated antibody was diluted to a final concen- 
tration of 1 M-g/ml in PBS (pH 7.4) containing 0.25% BSA, 0.5% 
Tween-20, and 0.01% azide (ECL buffer). Per assay tube, 25 /il 
of the biotinylated antibody was preincubated at room temper- 
ature with 25 /jrf of streptavidin-coated paramagnetic beads 
(Dynal, Great Neck, NY) at 1 fxg/pA for 30 min by vigorous 
shaking. Samples to be tested (25 jxl) or standards were added 
to tubes followed by 25 fx\ of ruthenylated antibody (final 
concentration, 1 jxg//i,l, diluted in ECL buffer). The tubes were 
then shaken for 24 h. The reaction was quenched by the addition 
of PBS at 200 fd per tube and the amount of chemiluminescence 
was determined with an Origen Analyzer (Igen). The limit of 
detection for IL-18 is 16 pg/ml. 

Confocal Microscopy. Human atrial tissue obtained during inser- 
tion of the canula of the pump oxygenator was placed in a plastic 
holder of 1 cm (3), embedded, and frozen in tissue-freezing 
medium (Triangle Biomedical Sciences, Durham, NC) on iso- 
pentane cooled with dry ice. Frozen sections (5 fim) were cut on 
a Leica CM 1850 cryostat (Leica, Deerfield, IL). The slides were 
fixed for 10 min in 4% paraformaldehyde, air-dried, and incu- 
bated for 20 min in PBS supplemented with 10% normal goat 
serum. Sections were incubated in a 1:100 dilution of rabbit 
anti-human IL-18 antibody (Peprotech, Rocky Hill, NJ) or 
nonimmune rabbit IgG at 1 /xg/ml as negative control. The 
antibodies were diluted in PBS containing 1% BSA After an 
overnight incubation at 4°C, the sections were washed three 
times with 0.5% BSA in PBS. The sections were then incubated 
with a secondary goat anti-rabbit antibody conjugated to Al- 
exa488 (Molecular Probes) for 60 min at room temperature in 1 
the dark. Nuclei were stained blue with bisbenzimide (Sigma) at 
1 /xg/100 ml. After staining, sections were washed and examined 
with the Leica DM RXA (Leica) confocal laser scanning system 
and analyzed with sudebook software for Macintosh (Intelli- 
gent Imaging Innovations, Denver). 

Stattsical Analysis. Data are expressed as the mean ± SEM. Mean 
changes in developed force were calculated relative to the 
control value at 90 min for each patient's tissue. Statistical 
significance of differences between groups were determined by 
factorial ANOVA with Bonferroni-Dunn post hoc analysis. 
Statistical analyses were performed with stat-view 4.51 software 
(Abacus Concepts, Calabasas, CA). 

Results 

The Effect of Neutralization of Endogenous IL-18 with IL-18BP n 
Postishemic Developed Force. Fig. 1A demonstrates the kinetic 
response of trabeculae to I/R injury. The final 15 min of 
equilibration are shown and normalized to 100% at the begin- 
ning of the experimental period. Control trabeculae are supra- 
fused under normoxic conditions throughout the experiment. As 
shown, there is a reduction (10%) in the developed force in the 
control trabeculae. Trabeculae subjected to ischemia exhibit a 
rapid decline in contractile function; on reperfusion, contractile 
force returns to approximately 25% of the control developed 
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Fig. 1. Effect of IL-18BP on ischemia-induced myocardial contractile dysfunc- 
tion. (A) Kinetic response to ischemic injury. After equilibration (eq), control 
(Ctrl) trabeculae were suprafused under normoxic conditions throughout the 
experiment. Trabeculae were subjected to l/R in the absence or presence of 
(L-18BP (5 M9/ml) as described in the experimental model. The vertical axis 
indicates percent of developed force compared with initiation of the exper- 
iment (time 0). The data are derived from trabeculae of a single patient and 
are representative of the methods used to calculate the mean change in 
developed force at 90 min. (B). Postishemic developed force after neutral- 
ization of IL-1 8 with IL-18BP. Results are expressed as the mea n percent change 
in developed force relative to Ctrl after completion of reperfusion (90 min). 
Numbers in parentheses indicate IL-18BP in jtg/ml (n = 6). * P < 0.01 
compared with l/R. 



force. In contrast, trabeculae exposed to ischemia but in the 
presence of IL-18BP returned to 55% of the control developed 
force. To assess the I/R response of heart tissues from several 
patients, the level of developed force in the control trabeculae 
at 90 min was set at 100% for each patient's sample, and the 
relative percent change in developed force for the experimental 
groups was calculated. 

As shown in Fig. IB, postischemic developed force in un- 
treated trabeculae (l/R) was reduced to a mean of 35% of 
control. However, in the presence of IL-18BP, this reduction was 
attenuated to a mean of 66.2% of control at 1 /Ltg/ml and 76% 
of control at 5 fig/ ml, respectively. These results suggest that l/R 
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Fig. 2. Myocardial IL-1 8 protein content. Trabeculae were homogenized 
after 90 min of supraf usion under normoxic conditions (Control) or 45 min 
after 30 min of ischemia. Trabeculae were matched from the same subjects. 
IL-18 levels are indicated on the vertical axis in pg/ml (n = 4). *,P< O.01. 



leads to release of biologically active 11^18 after processing 
endogenous precursor IL-18 by ICE. Therefore, IL-18 was 
measured in freshly obtained atrial tissue. As shown in Fig. 2, 
basal 11^18 was present in trabeculae obtained before the 
insertion of the of pump-oxygenator canula into the right atrium. 
After 90 min of equilibration, 30 min of ischemia, and 45 min of 
reoxygenation, trabeculae were homogenized, and IL^18 levels 
determined. There was a 4.5-fold increase in 11^18 in the tissue 
after I/R (Fig. 2). 

Steady-state mRNA levels for 11^18 and IL-18BP were also 
determined in these tissues. We observed basal gene expression 
for IL-18 and IH8BP in the freshly obtained preischemic atrial 
homogenates (Fig. 3). Similar to the increase in IL-18 protein, 
I/R induced a further increase in steady-state IL-18 mRNA 
levels (4.7-fold increase). IL-18BP gene expression was also 
observed in freshly obtained atrial tissue and increased only 
modestly (1.3-fold) after I/R. 

Location of IL-18 in Human Myocardium. Because 11^18 protein, as 
measured by ECL, and IL-18 mRNA are present in freshly 
obtained myocardial homogenates, we used histochemical stain- 
ing to determine the location of IL-18. Atrial tissues was 
obtained just before insertion of the pump-oxygenator canula 
and was immediately snap-frozen. As shown in Fig. 4, IL-18 was 
observed in resident myocardial macrophages and within the 
vascular endothelial cells. The IL-18 in macrophages and endo- 
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Fig. 3. Steady-state IL-18 and IL-18BP mRNA levels in control and ischemic 
atrial tissue. Tissues obtain after conditions described in Fig. 2 were snap- 
frozen in liquid nitrogen and kept frozen at -70°C After homogenization in 
Tri-Reagent and mRNA isolation, levels of IL-18 and IL-18BP mRNA were 
determined by reverse transcription-coupled PCR. Data are from one of two 
subjects evaluated. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. 
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Fig. 4. Location of IL-18 in human myocardium. Immunohistochemical staining of human atrial tissue before insertion of atrial canula. {Left) Section throuqh 
an atrial b ood vessel IL-18 is present within vascular endothelial cells (EQ and in resident myocardial macrophages (Mtf) (Right) Section through atrial muscle. 
Myocytes (Myo) are identified and IL-18 is observed in the resident macrophages. In this staining technique, IL-18 appears pink 



thelial cells is present before any operation-related ischemia 
takes place and is present in the absence of contact with any 
foreign surfaces. The localization of IL-18 in resident macro- 
phages and endothelial cells is consistent with previous studies 
of constitutive preformed precursor IL-18 in freshly obtained 
human peripheral monocytes from healthy subjects (20). There- 
fore, we conclude that preformed precursor IL-18 exists in the 
myocardium of patients scheduled for coronary artery bypass for 
ischemic heart disease. 

The Effect of ICE Inhibition on Postischemic Developed Force. Because 
IL-18BP effectively attenuated ischemia-induced myocardial 
dysfunction, we hypothesized that inhibition of the conversion of 
preformed precursor IL-18 to mature IL-18 would also attenuate 
ischemia-induced myocardial dysfunction. Therefore, the spe- 
cific ICE inhibitor YVAD was added to the suprafusion bath 
before the onset of ischemia. ICE inhibition by the addition of 
YVAD was continued throughout the ischemic period and 
during reperfusion. YVAD-mediated inhibition of ICE resulted 
in attenuation of ischemia-induced myocardial dysfunction, as 
shown by the improvement in contractile function from 35% of 
control in I/R to 60% at 10 jtg/ml and 75.8% at 20 /xg/ml (Fig. 
5). These results confirm that biologically active IL-18 in human 
myocardium is the result of cleavage of preformed precursor 



IL-18 by ICE. In addition, these results suggest that myocardial 
ischemia may activate latent ICE. 

The Effect of IL-IRa on Postischemic Developed Force. Given that the 
inhibition of ICE may also reduce processing of endogenous 
11^10, inhibition of IL^ljS under saturating concentrations of 
H^lRa will prevent biologically active IL-1/3 from exerting its 
effect. As shown in Fig. 6, blockade of IL-1R with U^lRa 
increased the contractile force after I/R from 35% to 61%. 
Therefore, inhibition of ICE likely exerts its effects via inhibition 
of the processing of both pro-IL-1/3 and pro-II^18. 

Preservation of Cellular Viability. Intracellular levels of CK were 
used to assess the degree of cellular viability after I/R In this 
assay, the higher the CK value, the greater the number of viable 
cells. Each of the anticytokine interventions resulted in the 
preservation cellular viability. As demonstrated in Fig. 7, ILr 
18BP, ICE inhibition (10 and 20 Mg/ml), and ILlRa increased 
intracellular CK levels after I/R from 1,399 to, 5,921, 5,675, 
6,624, and 4,662 units of CK activity per mg (wet tissue), 
respectively. These observations suggest that inhibition of I/R- 
induced activation of IL-18 and IL-1/3 preserves myocellular 
viability in this ex vivo model. 
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Fig. 5. Effect of ICE inhibition on postischemic developed force. Results are 
expressed as the mean percent change in developed force relative to control 
(Crtl) after I/R. Numbers in parentheses indicate the concentration of ICEi in 
M9/ml (n = 7). *, P < 0.01 compared with I/R. 
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Fig. 6. Preservation of contractile function after I/R and blockade of IL-1 
receptors with IL-1Ra. Results are expressed as the mean percent change in 
developed force relative to control (Ctrl) after completion of reperfusion. The 
concentration of IL-1Ra is 20 ng/m\ (n = 5). *, P < 0.01 compared with I/R. 
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Fig. 7. Tissue CK activity after l/R. CK is expressed in units of activity per mg 
(wet weight of tissue). The experimental conditions are indicated under the 
horizontal axis. Ctrl and l/R (n = 6); IL-18BP at 5 /ig/ml (n = 5); ICEi at 10 and 
20 ng/ mi {n = 5, each group); IL-1 Ra at 20 jtg/ml (n = 6). * P < 0.05 compared 
with l/R; t f P < 0.05 for ICEi (20) compared with IHRa. 



Discussion 

Generation of oxygen-derived free radicals, NO, calcium over- 
load, or decreased responsiveness of the myofilaments to calcium 
may contribute to contractile dysfunction after I/R (1). In 
addition to these immediate-acting mediators, the relationship of 
cytokines to myocellular dysfunction after I/R remains unclear. 
Data from the present study suggest that IL-18 and IL-10 are 
processed and released from their endogenous precursor forms 
in human heart tissue during ischemic injury and function to 
suppress contractile force. Furthermore, the processing of the 
precursors appears to be ICE-dependent, and latent ICE is likely 
activated by ischemia. Previously, neutralization of endogenous 
TNF-a was shown to protect human trabeculae from ischemia- 
induced dysfunction (6). At present, it is likely that the combi- 
nation of IL-18, IH0, and TNF-a accounts for the ischemia- 
induced dysfunction. 

Oxygen metabolites present after ischemia depress myocardial 
contractile function in several animal models in vitro and in vivo 
(1). The source of the oxygen radicals is unclear, although 
xanthine oxidase may be an important mediator of oxyradical 
production (21). Oxy radicals may interact with cellular proteins, 
lipids, calcium, and myofilaments to induce contractile depres- 
sion. In addition to xanthine oxidase, TNF-a is an inducer of 
oxygen metabolites. In addition, recent data indicate that IL-18 
primes human neutrophils for superanion production (G Silli- 
man, personal communication). 

Ischemia is a direct stress signal to the myocyte and, as a result, 
gene expression of stress-related molecules is elevated. For 
example, after 15 min of ischemia in rodent hearts perfused with 
Kreb's buffer, TNF-a gene expression is up-regulated (2). How- 
ever, the sudden and marked reduction in atrial trabecular 
function in the present study is apparent within minutes and it 
is unlikely that cytokines account for the early dysfunction. 
During reperfusion, however, the failure to return completely to 
functionality appears to be cytokine-mediated because specific 
cytokine blockade or neutralization restores functionality to a 
greater degree than ischemic controls. Depressed function dur- 
ing reperfusion may be caused by oxygen radical-induced loss of 
myocyte integrity, increased production of NO, or altered cal- 
cium flux. Therefore, do EH0 and/or IL18 trigger the above 
changes? The addition of 11^10 to oxygenated human trabeculae 
suppresses function (22), and it is known that 11^10 induces NOS 
in cardiac myocytes (23). However, it is not known whether IL-18 
acts similarly. 

NO is a myocardial depressant. However, the effect of NO after 
ischemia is controversial. This controversy stems from the different 
tissue levels NO present depending on which pathway of NO 



synthesis is activated. Lower levels of NO resulting from synthesis 
via the constitutive NO synthase pathway appears to protect the 
myocardium (24), whereas the NO produced from inducible NO 
synthase, which is significantly higher, leads to myocardial injury 
(25). After a moderate ischemic insult, induction of inducible NO 
synthase occurs in the rat myocardium followed by increased NO 
production (26). This NO subsequently leads to myocardial con- 
tractile depression. Using the same trabeculae model as the present 
study, Cain et al (22) demonstrated that specific inhibition of NO 
synthase attenuated TNF-a- and 11^10-induced human myocardial 
o^sfunction. As discussed, endogenous TNF-a accounts for some of 
the postischemic myocardial dysfunction. There are numerous 
hypotheses on how TNF-a mediates ischemia induced myocardial 
dysfunction. Finkel et al (25) demonstrated TNF-a induced con- 
tractile dysfunction in isolated hamster papillary muscle. This effect 
was abolished with inhibition of NO synthase. NO has been 
demonstrated to play a role in TNF-a-induced myocardial dysfunc- 
tion via desensitization of the myofilaments to calcium (23). In 
addition, TNF-a may also lead to phosphorylation of troponin, 
which further desensitizes the myofilaments to calcium. 

Calcium is a vital mediator of myocardial contractile function. 
Changes in intracellular Ca 2+ , cellular calcium overload, and 
modulation of the myofilaments response to Ca 2+ affect con- 
tractile force. The majority of investigations has focused on the 
role of calcium as the effector of myocardial contractile dys- 
function. The relationship between myocardial calcium changes 
and myocellular contractile dysfunction has been well described 
(1). After an I/R injury, the myofilaments responsiveness to 
calcium decreases and is thought to account for most of the 
decrease in contractile function after ischemia. In addition to 
calcium overload, an ischemic insult leads to the production and 
activation of intracellular calcium-dependent proteases. Upon 
activation, these proteases begin intracellular myofilament pro- 
teolysis leading to postischemic contractile dysfunction. Given 
the protection afforded by the anticytokine interventions in the 
present study, it is likely that 11^10 and/or IL-18 alter intracet 
lular calcium homeostasis during and after ischemia. 

Although mature 11^1/5 has been shown to directly suppress 
function when added to human atrial trabeculae (22), it has not 
been shown whether endogenous 11^10 in the heart participates 
in ischemia-induced dysfunction. In the present study, inhibition 
of 11^10 activity by IL-1 receptor blockade indicates that bio- 
logically active endogenous IL-10 is present in the heart after 
ischemia. Furthermore, the formation of active IL-10 in the 
ischemic heart is ICE-dependent. The data are consistent with 
the concept that synthesis of the precursor for IL-10 and 
activation of ICE takes place during I/R. 

Hie present studies support the concepts that human atrial 
myocardium is highly sensitive to EH8 and IL-10 and that the 
combination of these two cytokines appear to synergistically de- 
press myocardial function. We have demonstrated (22) that the 
presence of exogenous EL-10 or TNF-a decreases contractile force 
in human trabeculae in the absence of ischemia. In addition, the 
combination of these two cytokines have a synergistic effect on the 
depression of myocardial contractility. Furthermore, we have pre- 
liminary data to suggest that exogenous 11^18 under normoxic 
conditions also depresses myocardial contractile function. 

The ability of ICE inhibition to reduce postischemic dysfunc- 
tion suggests that the processing of precursor IL-10 and IL-18 
are necessary for cytokine-mediated myocardial suppression. 
The immunohistochemical studies revealed that IL-18 is pre- 
formed in the resident macrophages and endothelial cells of 
atrial tissues from patients with ischemic heart disease but it is 
not clear whether the precursor IL-10 is also preformed. How- 
ever, 11^10 mRNA is rapidly increased in rat hearts within 15 
min after an ischemic insult (2), and therefore it is likely that 
there is also increased precursor 11^10 synthesis in atrial tra- 
beculae during ischemia. Ischemia itself may be an activator of 
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latent ICE activity in heart tissue. Several investigators have 
reported that ICE inhibition during myocardial I/R injury in 
animals reduces apoptotic cell death. The criteria used for 
determining cell death was DNA fragmentation and cleavage of 
poly(ADP)-ribose polymerase (27-29). Importantly, the present 
studies expand these observations by demonstration that ICE 
inhibition preserves functionality within the injured tissue im- 
mediately after I/R. ICE inhibition also preserves cell viability 
because CK levels remained high in postischemic tissues treated 
with an ICE inhibitor. 

IL-1J3 and TNF-a have also been implicated in the pathogen- 
esis of human myocardial suppression in sepsis (30, 31). The 
mechanism(s) by which IL-10 and TNF-a induce contractile 
dysfunction has also been linked to NO and changes in cellular 
calcium handling (31). In addition, inhibition of the sphingomy- 
elin signaling pathway abrogated TNF-a/IL-l/3-induced myo- 
cardial contractile dysfunction (22). Although the present study 
does not address the role of NO in 11^18-mediated ischemia- 
induced dysfunction, TNF-a depresses the myocardium in a 
NO-dependant pathway (6). Blockade of IL-1 receptors revealed 
a role for endogenous IL-10 in I/R injury, a finding that was not 
unanticipated given the large amount of animal data. That 
endogenous IL-18 also plays a role in the injury was unantici- 
pated but based on the fact that IL-18BP only neutralizes mature 
IL-18 (16, 17). Because ICE inhibition prevents the cleavage of 
both precursor 11^1)8 and 11^18, it would not be surprising that 
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IL-18 and IL- 10 act synergistically in suppressing myocardial 
function. In fact, the specific blockade of TNF-a, 11^10, or IL-18 
attenuates, but does not entirely reverse, I/R-induced myocar- 
dial dysfunction, suggesting that the three cytokines act together 
to suppress myocardial function. 

The ability to modulate or interrupt cytokine signaling has 
been demonstrated in numerous disease states in animal models 
and clinically in humans (e.g., rheumatoid arthritis and Crohn's 
disease). 11^10 and TNF-a have been associated with acute 
myocardial dysfunction and hence are logical targets in patients. 
However, 11^18, a member of the IL-1 superfamily, has to date 
not been associated with myocardial dysfunction but should also 
be considered a target for ischemic therapy based on the present 
studies. 11^10 and 11^18 share numerous properties including 
the cleavage of the inactive precursor forms to the active forms 
by ICE (caspase 1). Given the myocardium's response to proin- 
flammatory cytokines and the ability to interrupt the inflam- 
matory process, we hypothesize that the inhibition of caspase 1 
protects ischemia-induced human myocardial dysfunction via 
inhibition of 11^10 and IL-18 processing. 
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Contributed by Charles A. Dinarello, October 27, 1999 

Proinflammatory cytokines, including IL-10 and tumor necrosis 
factor-a(TNF-«), promote cancer cell adhesion and liver metastases 
. by up-regulating the expression of vascular cell adhesion mole- 
cule-1 (VCAM-1) on hepatic sinusoidal endothelium (HSE). In this 
study, hepatic metastasis after intrasplenically injected mouse B16 
melanoma (B16M) cells was reduced 84-95% in mice .with null 
mutations for either IL-1/3 or the IL-10-converting enzyme (ICE, 
caspase-1) compared with wild-type mice. On day 12, 47% of 
wild-type mice were dead compared with 19% of either IL-10 or 
ICE-deficient mice. In vitro, conditioned medium from B16M cells 
(B16M-CM) Induced the release of TNF-a and IL-1 0 from cultures of 
primary murine HSE. The effect of B16M-CM on HSE resulted in 
increased numbers of B16M cells adhering to HSE, which was 
completely abrogated by a specific inhibitor of ICE, anti-IL-18 or 
IL-18-binding protein. Exogenous IL-18 added to HSE also increased 
the number of adhering melanoma cells; however, this was not 
affected by IL-1 receptor blockade orTNF neutralization but rather 
by anti- VCAM-1. These results demonstrate a role for IL-1/3 and 
IL-18 in the development of hepatic metastases of B16M in vivo. In 
vitro, soluble products from B16M cells stimulate HSE to sequen- 
tially release TNF-a, IL-10, and IL-18. The IL-18 cytokine increases 
expression of VCAM-1 and the adherence of melanoma cells. 

The adhesion of circulating cancer cells to capillary endothelia 
is a critical step in the initiation of metastasis (1). Vascular 
cell adhesion molecule-1 (VCAM-1), up-regulated by proin- 
flammatory cytokines, facilitates the binding of leukocytes to 
activated endothelial cells. The adhesive function of VCAM-1 is 
also used by cancer cells to enhance metastatic implantation and 
spread (2). For example, IL-lj3 and tumor necrosis factor-a 
(TNF-a) are known to potentiate the metastasis of very late 
antigen-4-expressing mouse B16 melanoma (B16M) cells in lung 
tissue by a mechanism which involves the up-regulation of 
VCAM-1 expression on endothelial cells (3, 4). We also have 
demonstrated that IL-1 significantly contributes to hepatic col- 
onization of B16M cells both in normal and lipopolysaccharide- 
treated mice (5, 6). In addition, mannose receptor-mediated 
murine hepatic sinusoidal endothelium (HSE) activation in- 
volves endogenous IL-1 -mediated expression of VCAM-1, lead- 
ing to increased B16M cell adhesion and metastasis (7). IL-ljS- 
activated HSE cells release very late antigen-4-stimulating fac- 
tors that potentiate B16M cell adhesion to HSE (8). Thus, IL-1 
can create a promet astatic microenvironment for certain intra- 
sinusoidally arrested very late antigen-4-expressing cancer cells. 

In the present study, the role of the 11^10-converting enzyme 
(ICE, caspase-1) in B16M melanoma metastasis in mice was 
investigated. ICE cleaves the precursors of both IL-10 and IL-18 
(9, 10), and hence, inhibitors of ICE or mice with a null mutation 
for ICE result in a deficiency in the release of biologically active 
IL-1/3 as well as biologically active IL-18. To differentiate 
between the role of either cytokine in ICE-deficient mice, we 
compared B16M metastasis after intrasplenic injection of B16M 
cells into mice, deficient in ICE or IL-1/3. The role of IL-18 in 
metastatic spread via activation of HSE is unknown, although 



IL-18 is a proinflammatory cytokine with several similarities to 
IL-1/3 (11), including up-regulation of adhesion molecules (12). 
However, IL-18 is different from IL-1 in that IL-18 plays an 
essential role as an interferon-y (IFN-y)-inducing factor (13- 
15). IL-18 is a product of macrophages and particularly the 
Kupffer cells (13), and therefore may play a role in hepatic 
metastasis by altering the microenvironment of the hepatic 
sinusoidal wall. 

The conditioned medium from B16M cells (B16M-CM) con- 
tains spontaneously released, unknown soluble "factors" that, in 
turn, stimulate the production of IH/3 and TNF-a as well as the 
expression of VCAM-1 on HSE (16). Inhibitors of ICE, IL-1 
receptor blockade, and neutralization of TNF were employed to 
characterize the cytokine cascade induced by these soluble 
factors on HSE activation. In addition, the role of IL-18 in B16M 
adhesion to HSE was investigated by using the newly described, 
naturally occurring IL-18 binding protein (IL-18BP) (17). Al- 
though IL-18BP circulates in healthy subjects and appears to be 
a natural inhibitor of production of the T-cell helper cytokine 
IFN-y (17), there may be a role for IL-18BP in regulating host 
resistance to cancer by either affecting the adhesion of cancer 
cells to vascular endothelium or suppressing the T-cell helper 
function of immunosurveillance to malignant cells; 

Materials and Methods 

Reagents. Rat anti-mouse IgG and rat anti-mouse VCAM-1 mAb 
were obtained from Serotec. Recombinant murine 11^10 was 
obtained from R&D Systems. Recombinant human IL-1 
receptor antagonist (IL-IRa) was a kind gift from Amgen 
Biologicals, and recombinant human TNF-binding protein 
(TNFbp), the native p55 TNF soluble receptor (18, 19) was a 
kind gift from Serono Laboratories (Randolph, MA). ICE 
inhibitor (ICEi) was purchased from Alexis Co. (San Diego, 
CA). Recombinant murine IL-18 and rabbit anti-mouse IL-18 
IgG were purchased from PeproTech EC (London, U.K.). 
Recombinant human IL-18BP was produced as described (17). 
Reverse transcription-PCR for murine IL-18 was determined as 
described (20). 

Culture of B16M Cells. B16M cells intended for intrasplenic injec- 
tion were cultured, maintained, and passaged as described (8). 
B16M-CM was prepared as follows: 5 X 10 5 B16M cells were 
plated in a 25-cm 2 T-f lask and cultured for 24 h in 5% FCS. Cells 
were cultured for an additional 24 h in serum-free medium (final 



Abbreviations: IL-10-'", IL-10 deficient; IL-IRa, IL-1 receptor antagonist; ICE, IL-10- 
converting enzyme; ICE"'- ICE deficient; ICEI, ICE Inhibitor; TNF, tumor necrosis factor; 
TNFbp, TNF-binding protein; IL-188P, IL-18-binding protein; HSE, hepatic sinusoidal endo- 
thelium; B16M, B16 melanoma; B16M-CM, B16M<ondItioned medium; VCAM-1, vascular 
cell adhesion motecule-1; IFN-y, Interferon-y; WT, wild-type. 
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Fig. 1. Experimental hepatic colonization after intrasplenic injection of B16M cells into WT (A), 11-1 (B), or ICE"'" (O mice. Livers were removed on day 10 
after injection of melanoma cells, fixed, and photographed. Metastases can be identified by black melanotic nodules. These livers are taken from mice depicted 
in Table 1, Experiment I. 



cellular density of 6 X 10 4 cells/cm 2 ). Supernatants were col- 
lected, diluted 1:3 in fresh serum-free medium, and passed 
through a 0.22 jon filter. 

Quantitative B16M Cell Adhesion to Primary HSE Cultures. HSE cells 
were separated from syngeneic mice, identified, and cultured as 
described (21). B16M cells were labeled with 2',7'-bis-(2- 
carboxyethyl)-5,6-carboxyfluorescein-acetoxymethylester solu- 
tion (Molecular Probes, Eugene, OR) as reported (6). HSE cells 
were incubated with various stimulants or inhibitors as indicated 
in each figure legend. Following the incubation times, the HSE 
was washed and the number of labeled cells determined. For the 
adherence cell assay, 2 x lOMabeled B16M cells were added to 
wells. After an 8-min incubation at 37°C, HSE cells were washed 
three times with fresh medium. The number of adhering cells was 
determined by using a quantitative method based on a previously 
described fluorescence measurement system (6). The percentage 
of B16M cells adhering to HSE was calculated as the relative 
value with respect to the initial number of added cells. 

Cytokine Analysis. Release of cytokines from cultures of primary 
HSE cells and B16M cells was measured by using specific ELISA 
kits for mouse IL-1/3 and TNF-a (R&D Systems). Circulating 
IFN-y and IL-1/3 in mice was measured as described (22). 

Hepatic Metastasis Assay. The protocol was approved by the 
University of Colorado Health Sciences Animal Care Commit- 
tee. IL-l/3 _/ ~ and ICE~ /- male mice were generated as described 
(23, 24). Six- to eight-week-old mice (housed five per cage) were 
used. Hepatic metastases were produced by the intrasplenic 
injection into anesthetized mice of 3 X 10 s viable B16M mela- 
noma cells suspended in 0.1 ml Hanks' balanced salt solution (6). 
Mice were killed under anesthesia on the 10th day after the 
injection of cancer cells. Liver tissue was fixed in PBS with 10% 
formaldehyde, pH 7.4, and processed for routine histology. 
Densitometric analysis of digitized microscopic images was used 
to discriminate metastatic B16M from normal hepatic tissue. 
The mean number of melanoma foci in 15 10 x 10 mm 2 sections 
per liver was determined. The density of liver metastasis, which 



is the number of metastases per 100 mm 3 of liver, was calculated 
with the stereological procedures described (5). 

Results 

Reduced Metastasis and Growth of B16M Cells Injected into IL-1 fl- and 
ICE-Deficient Mice. Initial experiments examined mortality. Seven 
of 15 wild-type (WT) mice injected intrasplenically were dead on 
day 12, whereas only 3 out of 16 of both the IL-1 0" 7 " and ICE" 7 " 
were dead on day 12. However, to quantitate the degree of 
hepatic metastasis ante mortem, the experiment was repeated 
and mice were killed on day 10 after the injection of tumor cells. 
Separated by 1 year, in two independent experiments and by 
using two different cultures of B16M cells, mice were injected 
intrasplenically into WT background, IL-1/3" 7 " and ICE" 7 " 
mice. Ten days later, gross inspection demonstrated visible 
melanotic tumors in the spleen from all mice, without significant 
differences in size as evaluated by splenic weight. In contrast, a 
marked decrease in metastasis was present in the livers of 
IL-1/3" 7 " and ICE _/ ~ mice compared with WT mice (Fig. 1). 
Quantitative histological analyses on number and size of meta- 
static foci were performed to determine metastasis density (as 
number of foci per 100 mm 3 ) and metastasis volume (percent 
organ occupancy). As shown in Table 1, compared with WT 
mice, hepatic metastasis density was significantly reduced (84- 
95%, P < 0.01) in the livers of IL-1/3"'- and ICE"'" mice. These 
results indicate that most of the injected B16M cells were unable 
to implant in the hepatic tissue of the mutant mice. In addition, 
metastasis volume, an indicator of metastatic growth, was also 
significantly reduced in IL-1/3"'" and ICE" 7 " mice six- to 
sevenfold (P < 0.01, Table 1). We also observed a difference in 
these metastasis parameters between IL-1/3" 7 " and ICE" 7 " 
mice, particularly in experiment 1. The mean number of meta- 
static foci in the WT mice was 234; the IL-1/3" 7 " mice, 25; and 
only 13 in the ICE" 7- mice, which was a 95% reduction. 

Autocrine IL-18 Mediates TNF-a- and IL-1 ^-Induced Adhesiveness on 
B16M-CM-Activated HSL Incubation of B16M-CM with HSE re- 
sulted in a significant (P < 0.01) increase in the adhesiveness of 
B16M cells as well as release of TNF-a and IL-1/3 into the HSE 
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Table 1. Hepatic colonization following intrasplenically Injected 
B16M cells into WT, IL-10-/- or ICE~ /_ mice 



Metastasis density, no. 



Metastasis volume, 



Mouse group 


foci per 100 mm 3 


% Hver volume 


Experiment I 






WT 


234.16+ 58.36* 


66.18% 




25.18 ± 21.02* 


10.05% 


ICE-/- 


13.56 ± 16.20* 


2.1% 


Experiment II 






WT 


198.40 ± 100.54 


59.62% 


IL-10-/- 


33.79 ± 19.89* 


9.70% 


ICE-/- 


27.73 ± 15.68+ 


8.08% 



♦Means ± SD of two independent experiments performed one year apart 
(7-15 mice per group). 
*P < 0.0 1 with respect to WT mice by ANOVA and the Scheff e F test. 



supernatant (Fig. 2). In the presence of ICEi, both the increased 
release in IL-1/3 as well as the increase in melanoma cell 
adhesiveness was completely abrogated, without decreasing 
TNF-or. The addition of anti-IL-18 IgG also completely abro- 
gated the increase in adhesiveness but did not affect the release 
of IL-1/3 or TNF-a. There were no statistically significant 
changes in IL-1/3 or TNF-a levels or in the number of adhering 
B16M cells to HSE cells when these cells were treated with ICEi 
or anti-IL-18 IgG in the absence of B16M-CM (data not shown). 
These results suggest that soluble factors present in the 
B16M-CM induce a cascade that begins with the release of 
TNF-a and is followed sequentially by ICE-dependent release of 
IL-1/3 and IL-18. Because antimurine IL-18 completely reduced 
the increase in HSE adhesiveness, IL-18 appears to be respon- 
sible for the expression of VCAM-1 in activated HSE. 

In the next experiment shown in Fig. 3, exogenously added 
murine IL-1/3 did not reverse the effect of ICEi on HSE (Fig. 
3/4). This suggests that in addition to inhibiting the processing of 
the IL-1/3 precursor, the ICEi is also inhibiting the processing of 
the IL-18 precursor. Reverse transcription-PCR confirmed that 
HSE cells constitutively express 11^18 mRNA, as observed in 
murine spleen cells (20). The ability of murine IL-1/3 to directly 
increase the adherence of B16M cells is shown in Fig. 3B; 
however, in the presence of antimurine IL-18, this increase is 
reversed, again suggesting that IL-1 0-induced IL-18 is increasing 
the expression of VCAM-1 on HSE. In a similar fashion, TNF-a 
added to HSE up-regulates melanoma cell adhesion (Fig. 3Q, 
but this is reduced by the presence of anti-IL-18. 

The above data provide evidence that B16M-CM contains 
soluble factors that trigger a cascade in HSE in which the last 
steps leading to increased adhesiveness for melanoma cells 
involve release of biologically active IL-18. To demonstrate this, 
B16M-CM was incubated with HSE in the presence of recom- 
binant human IL-18BP, which binds and neutralizes murine 
IL-18 (17). As shown in Table 2, IL-18BP prevents the adhesion 
of B16M melanoma cells induced by B16M-CM. The addition of 
IL-18BP to HSE reduced the percent of adhering cells from 35.1 
to 8.7% (P < 0.01). This represents a 100% inhibition and is 
consistent with the high affinity binding of IL-18BP to IL-18 and 
complete neutralization of its biological activities at a molar 
excess of two (25). In fact, the number of adhering cells was 
below the number of adhering cells incubated with basal me- 
dium, suggesting IL-18BP suppression of constitutive as well as 
inducible IL-18 from HSE. These results demonstrate that 
IL-18-activated HSE is an essential component of adhesion of 
melanoma cells to HSE cells. In preliminary studies, in vivo 
administration of IL-18BP or anti-IL-18 antibodies before in- 
trasplenic injection of B16M reduced the number of hepatic 
metastatic foci and metastatic density on day 10 by >50%. 
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Fig. 2. Effect of B 1 6M-CM on adhesion of B16M cells to HSE. Cultured HSE 
cells were incubated in the presence of B16M-CM for 10 h. {A) Percent of 
adhering B16M cells to HSE incubated with B16M-CM in the presence of ICEi 
(10 /iM) or anti-IL-18 (10 fig/ml). (B) Level of IL-1/3 in HSE supernatants before 
adhesion assay. (C) Level of TNF-a in HSE supernatants before adhesion assay. 
After the removal of the HSE supernatants, the adhesion cell assay was 
performed as described in Materials and Methods. Data represent the 
means ± SD of four separate experiments performed by using four different 
preparations of HSE cells, each in six replicates (n = 24). *, P < 0.01 for the 
percentage of B16M cells adhering to B16M-CM-treated HSE and of IL-10 and 
TNF-a production with respect to the basal medium. The Student's two-tailed, 
unpaired t test was used. 



Direct evidence that IL-18 increases the expression of 
VCAM-1 on HSE is shown in Fig. 4. Murine IL-18 was incubated 
with HSE cells in the presence of TNFbp, IL-IRa, or anti- 
VCAM-1. IL-18 increased the adhesiveness of B16M cells (P < 
0.01) which was not affected by the presence of TNFbp or 
IL-IRa, both present in high concentrations. However, anti- 
VCAM-1 completely reduced the IL-18-induced increase in the 
number of melanoma cells adhering to HSE cells. A nonspecific 
IgG did not affect the up-regulation of B16M cell adhesion to 
IL-18-treated HSE (data not shown). 

Discussion 

Inflammatory mechanisms facilitate cancer metastasis. Previous 
work has focused on IL-1 (4-6, 8, 26-30) and TNF (3, 31-33) as 
prometastatic cytokines. Although specific blockade of endog- 
enous IL-1 and TNF reduce metastasis, other factors or cyto- 
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Fig. 3. B16M cell adhesion to cytokine-activated HSE. (A) HSE cells were 
incubated with basal medium or stimulated with B16M-CM for 8 h. ICEi (10 
/iM) was added to some wells 1 8 h before stimulation with B 1 6M-CM. Recom- 
binant murine IL-1 0 (1 ng/ml) was added together with B16M-CM. (B) The HSE 
was stimulated with 1 ng/ml murine IL-1 0 for 6 h with and without antimurine 
IL-18 IgG (10 *ig/ml) added 1 h before the IL-10. (O The HSE was stimulated 
with 100 pg/ml murine TNF-a for 6 h with and without antimurine IL-18 IgG 
(10 fig/ml) added 1 h before the TNF-a. After each of the indicated incubation 
times, the adherence cell assay was performed as described In Materials and 
Method?. The results represent the means ± SD of three separate experiments, 
each In six replicates (n = 18). Differences In the percent of adhering cells with 
respect to untreated HSE (*) and IL-10- or TNF-a-treated HSE (**) were statis- 
tically significant (P < 0.01) by the Student's two-tailed, unpaired ttest. 



kines, acting via the same or alternative pathways, are surely 
involved. In the present study, we have identified IL-18 as a 
proinflammatory cytokine with an unexpected pivotal position 



Table 2. Inhibitory effect of IL-1 8 BP on B16M-CM-induced 
adhesion of B16M melanoma cells to hepatic sinusoidal 
endothelial cells 

% Melanoma cell adhesion* 



Basal medium 
B16M-CM 

B16M-CM + IL-18BP (1 ng/ml) 
B16M-CM + (L-18BP (10 ng/ml) 



10.15 ± 1.5 
35.10 ± 4.4 
15.00 ± 2.5* 
8.70 ± 1.1 ■* 



*Means ± SD of two independent experiments performed in six replicates 
(n « 12 for each condition). 
f P < 0.01 with respect to 816-CM by AN OVA and the Scheffe F-test 
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Fig. 4. Effect of anti-VCAM-1 on B16M cell adhesion to IL-18-treated HSE. 
HSE cells were incubated with 1 ng/ml recombinant murine IL-18 for 6 h. In 
some wells, 1 tig/m\ TNFbp or 100 ng/ml IL-1Ra were added 10 min before 
IL-18. In other wells, 10 /ig/ml anti-VCAM-1 antibody or 10 pg/m\ anti-mouse 
IgG was added to HSE cells 30 min before the B16M cell adhesion assay. The 
percent of adhering B1 6M cells was determined as described in Materials and 
Metnoc/5. The results represent the means ± SD of three separate experiments, 
each in six replicates (n = 18). Differences in the percentof adhering cells with 
respect to basal medium-treated HSE (*) or IL-18-treated HSE (**) were statis- 
tically significant (P < 0.01 by the Student's two-tailed, unpaired ttest). 



in the cytokine hierarchy that functions to increase metastatic 
spread in this model. We show that hepatic metastasis of 
intrasplenically injected B16M cells is dramatically reduced in 
IL-10 - '" 7 and almost completely inhibited in ICE _/ ~ mice. 
Splenic weights were not different, suggesting that the cytokine 
effects were at the level of hepatic implantation rather than on 
tumor growth at the injection site. Because ICE regulates the 
processing of both the IL-1/3 as well as the IL-18 precursors into 
biologically active molecules, the ICE~'~ mice represent a quasi 
double knock-out mut ant. 

Although the present data showing reduced hepatic metasta- 
ses in IL-l/3-deficient mice confirm previous data demonstrating 
a role for IL-1 in hepatic spread of B16 (6, 34), those studies did 
not discriminate between a role for IL-1 a or IL-1/3. The present 
observation in 11^10-deficient mice demonstrates that IL-1/3 and 
not Il^la participates in the metastatic process. In fact, others 
have shown that IL-la can protect against tumor growth (35). 
Similarly, IL-10 and not IL-la is responsible for the develop- 
ment of the acute-phase response following turpentine-induced 
tissue damage and inflammation (36, 37). 

From in vitro experiments, the data also indicate that the 
prometastatic effect of IL-18 depends on VCAM-1 expression, 
because VCAM-1 up-regulation accounts for all the adhesion- 
stimulating activity of B16M-CM-treated HSE. In this regard, 
preliminary studies by Western blot analysis confirm that re- 
combinant murine IL-18 induces HSE expression of VCAM-1. 
In macrophagic cells, IL-18 increases expression of ICAM-1 
(12). Thus, it is likely that IL-18-induced VCAM-1 expression 
itself can account for cancer cell adhesion to inflamed HSE and, 
hence, for inflammation-augmented hepatic metastases. 

We also found that IL-18 neutralization did not reduce 
B16M-CM-induced TNF-a or IL-1/3 release from HSE, suggest- 
ing that their production was IL-18 independent. Conversely, 
neither TNFbp nor IL-IRa was able to inhibit the increase in 
adhesiveness in IL-18-treated HSE, confirming that neither 
endogenous TNF nor IL-1 accounted for IL-18-induced HSE 
adhesiveness. This is in contrast to the effect of IL-18 in human 
peripheral blood mononuclear cells where the primary target cell 
of IL-18 is the non-CD14 + T and natural killer cell (38), These 
cells express receptors for IL-18, which, after stimulation by 
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Fig. 5. Proposed mechanism for B16M adhesion to HSE, From left, melanoma cells (•) release a prometastatic substance(s) that increases TNF-a production in 
HSE. TNF-d in turn stimulates IL-1 0 release via ICE and mature IL-^ stimulates IL-18 release, also via an ICE-dependent pathway. Mature IL-18 induces VCAM-1, 
which facilitates the adhesion of melanoma ceils to HSE. 



IL-18, release TNR However, in the case of more typical 
reticuloendothelial cells such as the HSE cell, IL-18 is down- 
stream from IMJ3 and TNR Thus, in HSE, a proinflammatory 
cytokine cascade exists in which TNF-a induces IL-1/3; then, 
IL-1 p, either alone or with TNF-a, induces IL-18 release. As 
such, TNF-a and IL-lj3 use the production of IL-18 to facilitate 
the increase in expression of VCAM-1 (Fig. 5). 

Unlike murine HSE, B16M cells did not constitutively express 
IL-18 mRNA as determined by reverse transcription-PCR, and 
incubation with ICEi for 18 h did not abrogate cytokine- and 
adhesion-stimulating activities of B16M-CM on HSE (data not 
shown). Therefore, there is no IL-18 in the B16M-CM to account 
for these findings. However, local production of IL-18 by HSE 
may arrest B16M cells during transit through the hepatic micro- 
vasculature. Additional findings were that B16M cells incubated 
with 1 ng/ml murine IL-18 for 6 h increased their adhesion to 
untreated HSE by twofold and increased their proliferation, 
suggesting that very late antigen-4 interaction was involved (data 
not shown). These findings are also in agreement with the 
reduction in metastasis volume observed in IL-1J3"'"" and 
ICE"'- mice (Table 1). 

The role of IL-18 as an IFN-y-inducing factor in the present 
study remains unknown. Following intrasplenic injection of 3 X 
10 5 viable B16M cells, there was no increase in circulating IL-1/3 
or IFN-y in WT mice. However, IFN-y plays both an agonist as 
well as an antagonist role in experimental models of various 
diseases (39). There is ample evidence that IFN-7 contributes to 
the immunostimulating, antitumor effects of several biological 
modifiers in murine cancer models. Indeed, the expression of 
mature IL-18 by genetically altered murine mammary carcinoma 
cells reduced the local growth of the tumor. This was caused by 
the production of IFN-y (40). Because a reduction in IFN-y 
production in ICE" 7 " mice is likely and since neutralization of 
IL-18 in vitro contributes to the findings of the present study, the 
role of IFN-y in this model must be one of proinflammatory and 
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not one of immunostimulation. IFN-y is known to increase the 
expression of endothelial cell adhesion molecules. 

II^18BP is a unique, naturally occurring inhibitor of the biolog- 
ical activity of IL-18. EL48BP resembles a soluble receptor for IL-18 
but is unique in that it lacks a transmembrane and cytosolic domain 
(17). Recombinant IH8BP completely reduced the adhesiveness 
of B16M-CM-stimulated HSE for melanoma cells, placing UV18 in 
a strategic role for up-regulating the metastatic microenvironment 
of the liver sinusoids. IL-18BP is a constitutively expressed, circu- 
lating molecule but the levels of IL-18BP in patients with melanoma 
are presently unknown. Nevertheless, the balance between the 
naturally occurring agonist and antagonist may affect the outcome 
of melanoma implantation in the liver. 

IL-18BP administration may also be useful in patients with 
melanoma or other cancer cells that employ VCAM-l-mediated 
adhesion to endothelia as a mechanism for invasion. However, 
IL-18 plays an essential role in regulating the production of the 
T-cell helper type 1 cytokine, IFN-7. Several studies, in fact, 
show that administration of IFN-7 in various animal models of 
cancer growth serves to augment the immune response to the 
malignant cells. In fact, IL-18 has been used to increase the 
immune response against certain cancers in mice (41). Assuming 
the inhibition of IFN-7 production by IL-18BP does not impact 
on the immune response to the malignant cells, IL-18BP may be 
useful as adjuvant therapy in reducing adhesion of malignant 
cells to vascular endothelia, particularly in the liver. 
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Minocycline inhibits caspase-1 and caspase-3 expression 
and delays mortality in a transgenic 
mouse model of Huntington disease 
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Huntington disease is an autosomal dominant neurodegenerative disease with no effective treat- 
ment. Minocycline is a tetracycline derivative with proven safety. After ischemia, minocycline in- 
hibits caspase-1 and inducible nitric oxide synthetase upregulation, and reduces infarction. As 
caspase-1 and nitric oxide seem to play a role in Huntington disease, we evaluated the therapeu- 
tic efficacy of minocycline in the R6/2 mouse model of Huntington disease. We report that 
minocycline delays disease progression, inhibits caspase-1 and caspase-3 mRNA upregulation, 
and decreases inducible nitric oxide synthetase activity. In addition, effective pharmacotherapy in 
R6/2 mice requires caspase-1 and caspase-3 inhibition. This is the first demonstration of caspase- 
1 and caspase-3 transcriptional regulation in a Huntington disease model. 



Despite significant advances in understanding the mechanistic 
pathways mediating progression of Huntington disease (HD) 
and cloning the mutant gene, effective pharmacotherapy re- 
mains elusive 1 . HD is caused by a mutation consisting of an ex- 
panded CAG repeat in the 5' coding region of the huntingtin 
gene 1 . Evidence points to the caspases as important mediators of 
apoptosis 2 * 3 . We have demonstrated that caspase-1 is activated in 
brains of humans and mice with HD 4 . In addition, blocking 
caspase function either by expression of a caspase-1 dominant 
negative mutant, or by intracerebroventricular administration of 
a broad caspase inhibitor, delays disease onset and mortality in a 
transgenic HD mouse model 4 . Huntingtin is itself a substrate 
of caspase-1 and caspase-3 5,6 . As evidence indicates a toxic gain of 
function of huntingtin cleavage fragments, these data provide 
a direct link between caspase-1 and caspase-3 and the mecha- 
nism of disease progression. However, unlike for caspase-1, di- 
rect in vivo evidence for a role of caspase-3 in HD has not been 
demonstrated. 

Minocycline is a second-generation tetracycline used in hu- 
mans, which effectively crosses the blood-brain barrier 7 . After ex- 
perimental ischemia, minocycline inhibits caspase-1 and 
inducible nitric oxide synthetase (iNOS) upregulation, and de- 
creases infarct size 8,9 . As a detrimental role for capase-1 and iNOS 



has been proposed in HD, we evaluated minocycline using the 
R6/2 HD mouse 41011 . We report that in R6/2 mice, minocycline 
delays disease progression and death, as well as inhibits caspase-1 
and iNOS activation. In addition, we demonstrate that caspase-1 
and caspase-3 gene expression are not only upregulated in this 
mouse model, but also are remarkably inhibited by minocycline. 
To provide further relevance to these findings we demonstrate el- 
evated iNOS immunoreactivity in human HD striatum. 

Minocycline slows progression and delays mortality in R6/2 mice 

To evaluate a potential role for minocycline in HD, we used the 
R6/2 transgenic model 12 . R6/2 mice express exon-1 of huntingtin 
with an expanded polyglutamine repeat under the control of its 
native promoter. R6/2 mice develop a progressive neurological 
phenotype with features of HD, neuronal intranuclear inclusions 
(Nil), decreased neurotransmitter receptor binding and early 
mortality 1314 . At 6 weeks of age, we began daily minocycline ad- 
ministration. At this age, R6/2 mice are in the late presympto- 
matic stage, and early histopathology can be demonstrated 12 ' 14 . 
Minocycline significantly delayed the characteristic decline of 
Rotarod performance (Fig. la and b), and extended survival by 
14% when compared to saline-treated mice (Fig. lc). As a control, 
we evaluated whether tetracycline, which does not effectively 
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Fig. 1 Progression of disease in R6/2 mice is inhibited by minocy- 
cline. Mice were evaluated on the Rotarod at a, 5 and b, 1 5 rpm. 
Testing was terminated either when the mouse fell from the rod or 
at 10 min if it remained on the rod (minocycline = • [n = 1 2], saline 
= ■ [n = 1 2] and tetracycline = A [n = 6]). e, Onset and mortality in 
days are recorded as mean ± s.e.m. (minocycline [n = 7], saline [n = 
7] and tetracycline [n= 6]). d, Body weight (minocycline = saline 
= ■). (e) Fasting blood glucose recorded as mean ± s.e.m. (R6/2 
minocycline [n= 15], R6/2 saline [n ~ 15] and wild-type [n= 6]). 



cross the blood-brain barrier, affected disease progres- 
sion 7 . Tetracycline-treated mice did not demonstrate 
neuroprotection or significantly increased survival (Fig. 
la, b, and c). The characteristic weight loss and fasting 
blood glucose elevation observed in R6/2 mice were not 
altered by minocycline (Fig. Id and e). Lack of protection 
by tetracycline, and lack of alteration of the systemic 
phenotype (that is, weight and blood glucose), indicate 
that the protective effect of minocycline does not result 
from a systemic effect, but rather from direct action on 
the brain. 
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Caspase-1 is inhibited in minocycline- treated R6/2 mice 

Caspase-1 is activated in brains of humans with HD and 
of R6/2 mice, and caspase-1 inhibition correlates with increased 
survival in mice 4 . As caspase-1 is required in mice for processing 
of pro-interleukin-lp (pro-IL-lp), measurements of mature IL-ip 
provide direct evidence of caspase-1 activation 4 15-1 8 . Mature IL-lp 
levels in brains of minocycline-treated mice were 43.1% lower 
than in saline-treated mice, demonstrating that minocycline in- 
hibited caspase-1 activation (Fig. 2a). As huntingtin is cleaved in 
vitro by caspase- 1 and caspase-3, and caspase inhibition blocks 
cleavage of endogenous huntingtin in R6/2 mice, we evaluated 
whether minocycline would inhibit endogenous huntingtin 
cleavage 4 " 6 . We reported that endogenous huntingtin is cleaved 
in brain samples of 9-week-old R6/2 mice and not in samples 
form wild- type littermates 4 . Generation of the endogenous hunt- 
ingtin cleavage fragment is significantly Inhibited in nine-week 
old minocycline-treated R6/2 mice (Fig. 2b). As huntingtin is im- 
portant for normal development, depleting endogenous hunt- 
ingtin likely has a detrimental role on cellular homeostasis 19 . 



neuroprotection is not related to the effect that Nil or decrease in 
neurotransmitter receptor binding have on the disease. We 
demonstrated a delay of Nil formation and neuroreceptor down- 
regulation in R6/2 mice mediated by expression of the caspase-1 
dominant negative transgene 4 . Nil are detected in R6/2 mice as 
early as three weeks of age (R.J.F., unpublished data). Nil detection 
is delayed by the caspase-1 dominant negative transgene, and, as 
expression of this transgene is detected during embryogenesis, it 
indicates that an early caspase-dependent pathway is required for 
the initial formation of the Nil 21 . This caspase-dependent step may 
be cleavage of full-length huntingtin and, thereafter, aggregation 
of the mutant huntingtin fragment for generation of Nil. Once Nil 
begins to form, then their growth in R6/2 mice is caspase-indepen- 
dent, as the transgene fragment does not require, as well as lacks 
sites for, caspase cleavage. Minocycline probably did not inhibit 
Nil formation, as it was administered after the caspase-dependent 
step of Nil generation at 6 weeks of age. 



Minocycline does not affect Nil formation or receptor-binding 

Similar to humans with HD, R6/2 mice develop Nil and a progres- 
sive decrease in neurotransmitter receptor binding 4,1314 ' 20 . 
Minocycline treatment did not inhibit the formation of Nil or the 
decrease of adenosine A2a, forskolin, dopamine D 1 and dopamine 
D2 neurotransmitter receptor binding in nine-week old R6/2 (data 
not shown). These results indicate that minocycline-mediated 



Minocycline inhibits iNOS activation in R6/2 mice 

Elevated iNOS expression has been demonstrated in R6/2 mice re- 
sulting in pathologic protein nitration 10 . As in brains of R6/2 
mice, human HD brains also demonstrate elevated iNOS expres- 
sion when compared with normal age-matched controls (Fig. 3a 
and b). Marked increased iNOS immunoreactivity is present in 
glial, neuronal and vascular elements of HD striatum. Elevation 



Fig. 2 Minocycline inhibits caspase-1 activation 
as well as endogenous huntingtin cleavage in R6/2 
mice, a. Mature IL-1p levels in 12-week-old mice 
{n = 7-9/group). Error bars indicate SEM * P < 
0.05, ** P < 0.01. b, Cleavage of endogenous 
huntingtin in 9- week-old R6/2 mice is inhibited by 
minocycline. A large N -terminal cleavage frag- 
ment (approx. 210 kDa) was observed in lysates 
from R6/2 mice using an antibody directed against 
amino acids 181-810 of mouse huntingtin (results 
are representative of 5 mice/group). 
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Fig. 3 Activation of iNOS in human and mouse HD. a, Increased iNOS im- 
munostaining is present in human HD caudate nucleus as compared to b, 
normal age-matched control, e, Minocycline inhibits iNOS catalytic activity 
in 9- week-old R6/2 mice, d, nNOS activity was not different in brains from 
wild-type and R6/2 mice. iNOS catalytic activity was determined by moni- 
toring the conversion of [ 3 H]arginine to [ 3 H]citrultine in brain homogenates 
in Ca z *-free medium. n= 5/group; Saline = saline-treated R6/2 mice; minocy- 
cline = minocyc line-treated R6/2 mice; WT = wild-type mice. 



of brain iNOS immunoreactivity in humans with HD and in R6/2 
mice provides further validation for this transgenic model as rele- 
vant to the human disease. As minocycline inhibits cerebral is- 
chemia-mediated iNOS upregulation, its effect on catalytic iNOS 
activity in brains of R6/2 mice was evaluated. Ca 2 +-independent 
NOS activity, representing iNOS activity, was elevated 6.5-fold in 
R6/2 mice when compared with wild-type mice. Minocycline 
treatment resulted in a 72% inhibition of iNOS activity in brains 
of R6/2 mice when compared to saline-treated controls (Fig. 3c). 
Constitutive Ca 2+ -dependent NOS activity, representing nNOS ac- 
tivity, was not different in brains from wild-type or saline- and 
minocycline-treated mice R6/2 mice (Fig. 3d). These results indi- 



Fig. 4 Minocycline inhibits caspase-1 and caspase-3 expression. 
Ethidium bromide-stained gels of RT-PCR analysis of caspase-1 a, and cas- 
pase-3 *, mRNA run in parallel with GAPDH mRNA. Time-dependent up- 
regulation of caspase-1 e, and caspase-3 d, mRNA expression in R6/2 
mice, compared with age-matched wild-type mice. Caspase levels repre- 
sent the ratio of the caspase/GAPDH signal. Samples were amplified and 
run in parallel. Saline = •; Minocycline = ■. Error bars indicate SEM, * P< 



c d 




cate that minocycline-mediated neuroprotection results in part 
from inhibition of iNOS activity, likely resulting in decreased 
free-radical damage. 

Minocycline inhibits caspase-1 and -3 upregulation in R6/2 mice 

We then evaluated whether transcription of caspase-1 and cas- 
pase-3 were regulated in R6/2 mice. Using RT-PCR we detected a 
peak of caspase-1 mRNA elevation at 7 weeks of age, which was 
2. 1-fold higher than wild-type levels (Fig. 4a). Thereafter, caspase- 
1 mRNA levels remained stably elevated throughout the disease. 
Caspase-3 mRNA elevation began 2 weeks after caspase-1 at 9 
weeks, being 3.6-fold of wild-type levels, and peaking at 5.5-fold at 

C 

3 -» 




4 6 8 10 12 14 

Age(weeks) 
AntkaRpnsa-3 



32kDa 



17fcDa 




WT Minocycine Saline 



R6/2 

0.05, n = 5/group. Capase-1 (e) and caspase-3 (/) western blot analysis of 
12-week-old wild-type and R6/2 mouse brain lysates. R6/2 mice show a 
minocycline-sensitive increase in activated caspase-1 (p20) and activated 
caspase-3 (pi 7) subunits. There is faint pro-caspase-1 (p45) band in 
saline-treated brain lysates of R6/2 mice. As with RT-PCR results, there is 
increased amount of pro-caspase-3 (p32) in the R6/2 samples. Each lane 
50 u.g protein. 
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Fig. 5 Caspase-1 and caspase-3 inhibition are required to delay mortality 
of R6/2 mice. Beginning at 7 weeks of age, caspase inhibitors were intrac- 
erebroventricularly administered for 4 weeks in R6/2 mice. Veh = vehicle (n 
= 1 3); Y = YVAD-cmk (n = 6); D = DEVD-fmk (n = 8); Z = zVAD (n = 1 5); YD 
= combined YVAD-cmk and DEVD-fmk {n = 5). * P < 0.05. 



12 weeks of age (Fig. 46). Unlike caspase-1, caspase-3 mRNA eleva- 
tion was progressive throughout the disease. These results are con- 
sistent with in vitro evidence demonstrating early caspase-1 and 
delayed caspase-3 activation during apoptosis 22 . Similarly, in a 
mouse model of amyotrophic lateral sclerosis, caspase-1 mRNA is 
elevated before caspase-3 mRNA 23 . Caspase-1 and caspase-3 
mRNA elevation in R6/2 mice were remarkably inhibited in 
minocycline-treated mice (Fig. 4c and d). Despite almost complete 
inhibition of elevation of caspase-3 mRNA, the disease continues 
to progress likely due to the less thorough caspase-1 inhibition, as 
well as due to additional cell death mediators. By western blot we 
confirmed a minocycline-sensitive elevation of caspase- 1 and cas- 
pase-3 protein, in particular, elevation of activated subunits in 
brain lysates of 12-week old R6/2 mice (Fig. 4e and f). Fluorogenic 
caspase-1 and caspase-3 assays were done using HeLa cell-free ex- 
tracts to rule out a direct enzymatic effect of minocycline. 
Caspase-1 and caspase-3 activities were not directly inhibited by 
minocycline (data not shown). As a control, it was evaluated 
whether minocycline inhibited expression of the R6/2 transgene. 
RT-PCR demonstrated that minocycline did not alter R6/2 trans- 
gene expression (data not shown). 

Inhibition of both caspase-1 and -3 required for neuroprotection 

So that the specific functional contribution of caspase-1 and cas- 
pase-3 to disease progression could be evaluated, R6/2 mice were 
treated with intracerebroventricular administration of either 
zVAD-fmk (Val-Ala-Asp-fluoromethyl ketone) (a broad caspase 
inhibitor), Tyr-Val-Ala-Asp-chloromethylketone (YVAD-cmk [a 
caspase-1 -like inhibitor]), Asp-Glu-Val-Asp-aldehyde-fmk (DEVD- 
fmk, a casapse-3-like inhibitor), or with a combination of YVAD- 
cmk and DEVD-fmk. As we reported, zVAD-fmk extended 
survival of R6/2 mice 4 . Neither YVAD-cmk nor DEVD-fmk 
demonstrated neuroprotection. However, the combination of 
YVAD-cmk and DEVD-fmk resulted in improved Rotarod perfor- 
mance and significantly extended survival comparable to zVAD- 
fmk treated mice (17.3% and 12.2% respectively) when compared 
to vehicle-treatment (Fig. 5). To rule out that neuroprotection 
mediated by the combination of YVAD-cmk and DEVD-fmk is 
not a result of simply doubling the dose of caspase inhibitors, we 
independently evaluated higher doses of YVAD-cmk and DEVD- 
fmk. Higher concentrations of YVAD-cmk or DEVD-fmk were 
toxic causing earlier death than in vehicle-treated mice (data not 
shown). As caspase-1 and caspase-3 are upregulated, and their 
combined inhibition is required for therapeutic efficacy, effective 
therapy for HD (and likely other chronic neurodegenerative dis- 



eases) may ultimately require inhibition of both caspase- 1 and 
caspase-3. However, as YVAD-cmk and DEVD-fmk inhibit cas- 
pases in addition to caspase-1 and caspase-3, albeit with lower 
affinities, we can not rule out that the neuroprotection mediated 
by these drugs might result from inhibiting other caspases in ad- 
dition to caspase-1 and caspase-3. 

Discussion 

It is demonstrated for the first time in R6/2 mice that caspase- 
1 and caspase-3 are transcriptionally regulated. As caspase ex- 
pression in HD is regulated rather than constitutive, caspase 
transcriptional modulation provides a new target for therapeu- 
tic manipulation. The mechanism of mutant huntingtin- 
mediated toxicity is at present not clearly understood. A role 
for mitochondrial dysfunction and toxic nitric oxide metabo- 
lites have been proposed 10 11 24 25 . Beginning in the late 
presymptomatic stage of the disease mutant huntingtin-medi- 
ated intracellular toxicity induces caspase-1 upregulation and 
activation, resulting in mature IL-lp production. As disease 
progresses, caspase-3 is upregulated, further exacerbating toxi- 
city. Interestingly, caspase-1 activates caspase-3 in vitro 26 . The 
early upregulation of caspase-1 with respect to caspase-3 pro- 
vides evidence that caspase-1 is not merely an inflammatory 
mediator, but rather an important early trigger of the apop- 
totic cascade. Minocycline inhibits caspase-1 and caspase-3 
upregulation, although the later more thoroughly. As caspase- 
1 and caspase-3 are upregulated, an effective therapeutic inter- 
vention in HD will likely require inhibition of at least both of 
these caspases. Our data are consistent with a detrimental role 
of iNOS in HD. Minocycline has been used in humans for ex- 
tended periods of time with relatively few side effects 27,28 . With 
the described results, and with the relatively low toxicity, 
minocycline represents a new potential therapeutic agent for 
the treatment of HD. 

Methods 

Mice and treatment regimen. R6/2 mice (Jackson Laboratories, Bar 
Harbor, Maine) were randomly assigned to three groups. At 6 weeks of age, 
mice were treated with daily intraperitoneal injections of either saline, 
minocycline hydrochloride (5 mg/kg, Sigma, St. Louis, Missouri), or with 
tetracycline hydrochloride (5 mg/kg, Sigma) in 0.5 ml of saline. 
Experiments were in accordance with protocols approved by the Harvard 
Medical School Animal Care Committee. 

Mature IL-1 [3 determination. Mature IL-lp quantification was done as de- 
scribed using an enzyme-linked immunosorbent assay kit specific for the 
mature form of the cytokine (R&D Systems, Minneapolis, Minnesota) 18 . 

Assay of NOS catalytic activity. NOS activity was measured by conversion 
of L-[ 3 H] arginine to [ 3 H]citrulline as described by Bredt and Snyder 29 and 
Yoshida et a/. 30 with modifications. Brain samples were homogenized in 10 
vol Tris buffer (25 mM; pH 7.4; 4 °C) containing 1 mM ethylenediaminete- 
traacetic acid and 1 mM ethyleneglocoltetraacetic acid and centrifuged 
(20,000gfor 5 min at 4 °C). For total NOS or iNOS activity, 10 ul aliquots of 
the supernatant were incubated with or without 0.6 mM Ca 2+ , respectively, 
in 25 mM Tris (pH 7.4), 3 jxM tetrahydrobiopterin, 1 p.M flavin mononu- 
cleotide, 1 uM flavin adenine dinucleotide, 1 mM nicotinamide adenine 
dinucleotide phosphate, 0.1 pM calmodulin and 22 uM L-[2,3,4- 3 H] argi- 
nine (specific activity 45.2 Ci/mmol; NEN, Boston, Massachusetts) for 15 
min at 37 *C. The assays were terminated by addition of 400 jxi N-(2-hy- 
droxyethyl)piperazine-N'2-ethanesulfonic acid buffer (50 mM; pH 5.5; 4 
°C) containing 5 mM ethylenediaminetetraacetic acid and 1 mM ethylene- 
glocoltetraacetic acid and centrifuged (20,000(7, applied to 100 jil Dowex 
AG50WX-8 resin (Na* form; Bio-Rad, Hercules, California) in spin cups 
(Sigma, St. Louis, Missouri) and centrifuged (20,000p for 30 s at 4 °C). 
[ 3 H]citrulline was quantitated by liquid scintillation counting of the eluate 
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(LS 6000; Beckman Instruments, Palo Alto, California). Protein concentra- 
tion in the reaction mix was measured with a Bio-Rad assay. 

Histochemical staining. Human postmortem striatal tissue specimens from 
6 HD (grades 3 and 4; mean age, 64.8 yr; range, 54-73 yr and 6 neurologic 
age- matched controls (mean age, 67.5: range 58-76) were dissected fresh 
and placed in cold (4 *C) 2% paraformaldehyde-lysine-periodate solution 
for 24-36 h. Brain tissue specimens were received from the Bedford VA 
Medical Center Brain Tissue Archive (Bedford, Massachusetts). The post- 
mortem intervals did not exceed 18 h (mean time, 8.3 h; range, 4-18 h). 
Each HD patient had been clinically diagnosed based upon known family 
history and phenotypic symptoms of HD. The diagnosis of HD was con- 
firmed by neuropathologic examination and graded by severity. Tissue 
blocks were rinsed in 0.1 M sodium phosphate buffer and placed in cold 
cryoprotectant in increasing concentrations of 10% and 20% glycerol/2% 
dimethyl sulfoxide solution over 36 h. Frozen serial sections of the striatal 
tissue block were cut at 50 fim intervals in the coronal plane. The cut sec- 
tions were stored in 0.1 M sodium phosphate buffer/0.08% sodium azide at 
4 °C and subsequently immunostained for iNOS (Upstate, dilution 1:500) 
using the conjugated second antibody method 31 . 

Western blot. Huntingtin western blot accomplished as described using an 
antibody (MAB2166) raised against a mouse huntingtin fusion protein 
(amino acids 181-810)(Chemicon, Temecula, California) \ Antibodies for 
caspase western blots were purchased from Santa Cruz (Santa Cruz, 
California). 

Reverse transcription-polymerase chain reaction (RT-PCR). Total RNA 
from the brains of R6/2 and wild-type mice was prepared using TRIZOL 
Reagent (Gibco-BRL, Grand Island, New York) according to the manufactur- 
er's instructions. RNA concentration and purity were determined by measur- 
ing the absorbance at 260 and 280 nm, respectively. First-strand cDNA was 
synthesized from total RNA using the Superscript Preamplification system 
with Superscript II RNase H-reverse transcriptase (Gibco-BRL) according to 
the manufacturer's instructions. Then 1 jxl of cDNA template was amplified 
by PCR in 20 uJ of total reaction volume containing 18 pi of Supermix 
(Gibco-BRL) and 4-10 pmol of each specific primer. Caspase-1 primer se- 
quences were 5'-TGGTCTTGTGACTTGGAGGA-3'(forward) and 5'-TG- 
GCTTCTTATTGGCACGAT-3' (reverse). Caspase-3 primer sequences were 
5'-TGTCATCTCGCTCTGGTACG-3' (forward) and S'-AAATGACCCCTTCAT- 
CACCA-3' (reverse). As an internal control, glyceraldehyde-3-phosphate- 
dehydrogenase (GAPDH) was amplified using primer sequences 
5'-AACTTTGGCATTGTGGAAGG-3' (forward) and 5'-GGAGACAACCTGGTC- 
CTCAG-3' (reverse). GAPDH levels were not altered in R6/2 mice when com- 
pared to the wild-type controls. Each PCR cycle consisted of 45 s at 94 °C, 45 
s at 60 "C and 1 min at 72 'C. PCR amplification was carried out for 30 cycles 
for caspase-1, 35 cycles for caspase-3 and 28 cycles for GAPDH. Using these 
protocols DNA amplification was within its linear range. After amplification, 
the products were separated in a 1 .5% agarose gel containing 0.03% ethid- 
ium bromide. The PCR results were analyzed by using a Bio-Rad Imaging 
Densitometer Quantity One-4.1 .0 (Bio-Rad, Hercules, California) 

Rotarod test. Motor performance was evaluated weekly from 5 to 13 
weeks on a Rotarod (Columbus Instruments, Columbus, Ohio), at 5 and 1 5 
rpm. If the mouse remained on the rod for 10 min the test was completed 
and scored as 10 min. 

Placement of osmotic pumps. Pumps were inserted at 7 weeks of age as 
described by Ona etal. 4 . Concentrations were for zVAD-fmk 100 ug/20 g 
body weight/28 d, for YVAD-cmk and DEVD-fmk 50 u.g/20 g body 
weight/28 d for the low dose, and 100 ug/20 g body weight/28 d for the 
high dose. Combined YVAD-cmk and DEVD-fmk were used at 50 ug/20 gr- 
body weight/28 d each. 

Data analysis. Data are presented as mean ± standard error of the mean 
(SEM). Statistical comparisons were made by Student's t-test. 
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Abstract 



Spinal bulbar muscular atrophy (SBMA) is one of a family of inherited neurodegenerative diseases caused by expansion of 
CAG encoding polyglutamine repeats; in SBMA the affected gene is the androgen receptor. To understand further the 
mechanisms that lead to neuronal cell death in SBMA, we generated SHSY5Y neuroblastoma cell lines that stably express 
identical levels of wild-type (19 polyglutamine repeat) or SBMA (52 polyglutamine repeat) androgen receptor. Parental 
SHSY5Y cells do not express detectable levels of the androgen receptor. In the absence of androgen, the transfected cell lines 
have similar phenotypes and growth characteristics to parental SHSY5Y cells. However, upon treatment with androgen, 
both cell lines undergo a marked dose-dependent loss of viability ; this loss was significantly greater in cells expressing the 
SBMA receptor. Morphological analyses of the androgen treated cells revealed that cell death bore hallmarks of apoptosis 
involving altered nuclear morphology and cleavage of poly(ADP-ribose) polymerase and of caspase 3 in both wild-type and 
SBMA cell lines. The caspase inhibitor VAD-fmk was able to decrease loss of viability of both cell lines on exposure to 
androgen. © 2001 Elsevier Science B.V. All rights reserved. 

Keywords: Kennedy's disease; Apoptosis; Polyglutamine; CAG repeat 



1. Introduction 

Spinal bulbar muscular atrophy (SBMA), also 
known as Kennedy's disease, is an adult onset genet- 
ic form of motor neurone disease that is caused by 
mutations in the androgen receptor gene [1], The 
mutations involve expansion of a polymorphic 
CAG repeat that encodes a polyglutamine tract lo- 
cated towards the amino terminus of the androgen 
receptor. In the normal population, this polygluta- 
mine tract varies between approx. 1 1 and 33 repeats 
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with a modal length of about 20 [2,3]; expansion of 
the repeat to beyond approx. 40 causes disease [1], 

SBMA is one of a group of inherited neurodegen- 
erative diseases that are caused by expansion of 
CAG encoding polyglutamine repeats and which in- 
clude Huntington's disease [4], dentatorubralpallido- 
luysian atrophy (DRPLA) [5,6] and the spinocerebel- 
lar ataxias [7-13], The molecular mechanisms by 
which expansion of polyglutamine tracts cause neu- 
ronal cell death in these disorders are not understood 
although favoured hypotheses are that the expansion 
causes a gain of toxic function(s). Indeed, expanded 
polyglutamine tracts have been shown to be toxic in 
both cultured cells and transgenic mice [14-16]. 

A further complication to our understanding of 
the mechanism of cell death in these polyglutamine 
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disorders is that the normal function of most of the 
polyglutamine containing proteins are not known. 
However, this is not the case for SBMA; the andro- 
gen receptor belongs to the nuclear receptor super- 
family and mediates the effects of androgens (see for 
review [17]). In common with other members of this 
family, the androgen receptor comprises a carboxy- 
terminal ligand binding domain which binds andro- 
gens, a conserved centrally located DNA binding 
domain that interacts with androgen response ele- 
ments in androgen-responsive genes, and an amino- 
terminal transactivation domain. The polyglutamine 
tract is located within the transactivation domain 
and its expansion is now known to inhibit androgen 
receptor function [18-20] and also to influence its 
interactions with other transcription factors and ac- 
tivators [21,22]. Decreased receptor function prob- 
ably accounts for the partial androgen insensitivity 
that is a further common phenotype of SBMA [23]. 

The mechanism(s) by which the SBMA receptor 
causes motor neurone cell death is far from clear 
(see Section 4). However, one suggestion is that poly- 
glutamine expansion causes altered expression of 
androgen receptor regulated genes and that this con- 
tributes to SBMA [18-22,24,25]. As such, modulat- 
ing androgen receptor function might be therapeutic 
for SBMA although it is not clear whether treatment 
with androgens or anti-androgens would be benefi- 
cial. In order to understand more fully how andro- 
gens can influence neuronal cell survival, we created 
SHSY5Y neuroblastoma cells that stably express 
wild-type (19 polyglutamines) or SBMA (52 poly- 
glutamines) androgen receptor. We find that andro- 
gen stimulation of these cells induces a marked loss 
of viability. 

2. Materials and methods 

2.1. Plasmids and SHSY5Y cell culture and 
transfection 

Expression vectors for human androgen receptors 
harbouring 19 and 52 CAG repeats in pCMVneo 
were as described [24]. SHSY5Y cells were routinely 
cultured in DMEM/F12 mix containing 10% (v/v) 
charcoal stripped foetal calf serum supplemented 
with 2 mM glutamine, 100 IU ml -1 penicillin and 



100 |ig ml -1 streptomycin (Life Technologies). For 
transfection, cells were plated onto 100 mm diameter 
dishes and transfected using a Profection CaPC>4 
transfection kit (Promega) according to the manufac- 
turer's instructions. Plasmids were linearised prior to 
transfection with Xbal. 48 h post transfection, the 
medium was replaced with selection medium (as 
above, containing 600 |ig ml -1 Genetecin (Life Tech- 
nologies)), and colonies picked and expanded 2-3 
weeks later [26]. Thereafter, cells were maintained 
in medium containing 300 \ig ml -1 Genetecin. 

Testosterone was obtained from Sigma, the non- 
metabolisable androgen R1881 from NEN DuPont 
and staurosporine from Alexis. 

2.2. Western blotting and indirect immunofluorescence 

The androgen receptor was detected using anti- 
body N20 (Santa Cruz), poly(ADP-ribose) polymer- 
ase (PARP) detected using antibody C-2-10 (Bio- 
mol), and caspase 3 was detected using a rabbit 
polyclonal antibody (Santa Cruz). Cells were har- 
vested for SDS-PAGE by washing twice with ice- 
cold phosphate buffered saline (PBS) and then scrap- 
ing into the appropriate buffer. For analyses of an- 
drogen receptor expression and caspase 3 cleavage, 
this was ice-cold 50 mM Tris-HCl pH 6.8 containing 
1 mM EDTA, 0.6 mM PMSF, 0.5 mM bacitracin, 
10 mM dithiothreitol and 10% (w/v) glycerol. There- 
after, an equal volume of SDS-PAGE sample buffer 
containing 4% SDS was added and the samples 
heated in a boiling water bath. For detection of 
PARP, samples were prepared according to the man- 
ufacturer's instructions for use of PARP antibody C- 
2-10 (Biomol). All samples were separated on 10% 
(w/v) acrylamide gels and transferred to Protran ni- 
trocellulose membranes (Schleicher & Schuell) using 
a Bio-Rad TransBlot system. Following blocking in 
PBS containing 3% skimmed milk and 0.2% Tween 
20, the blots were incubated with primary antibodies, 
washed in PBS/0.2% Tween 20, incubated with 
horseradish peroxidase conjugated anti-mouse or 
anti-rabbit immunoglobulins (Igs) (Amersham) and 
following further washes developed using an en- 
hanced chemiluminescence system (Amersham) ac- 
cording to the manufacturer's instructions. 

To compare androgen receptor expression levels in 
the different transfected cell clones, quantitative 
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Western blots were performed following methods 
similar to those previously described by us [27]. 
Briefly, 5X10 6 cells from each population were pro- 
cessed identically for SDS-PAGE and equal volumes 
of these samples then loaded on SDS-PAGE gels and 
probed for the androgen receptor by Western blot- 
ting as described above. To confirm that equal 
amounts of protein were loaded, identically loaded 
gels were Coomassie stained and three selected bands 
from each sample quantified by densitometric analy- 
ses using a Bio-Rad GS-710 Imaging Densitometer 
equipped with Quantity One software. The signals 
from these scans were then compared with the signals 
obtained from the androgen receptor Western blots. 

For immunocytochemical and nuclear morphology 
studies, cells were fixed in 4% (w/v) paraformalde- 
hyde in PBS for 20 min, permeabilised in 0.1% 
(w/v) Triton X-100 in PBS for 10 min and then pro- 
cessed for immunofluorescence. Following blocking 
with 5% (v/v) foetal bovine serum/0.2% (w/v) Tween 
20 in PBS for 1 h, cells were probed with primary 
antibody N20 to the androgen receptor diluted in 
blocking solution. Antibodies were detected using 
goat anti-rabbit Igs coupled to Oregon Green or 
Texas red (Molecular Probes). Nuclear morphology 




Fig. 1. Androgen receptor expression in non-transfected paren- 
tal SHSY5Y cells and SHSY5Y cells stably expressing either a 
wild-type androgen receptor (CI 9 and C28 cells) or an SBMA 
mutant androgen receptor (K6 and K20 cells), (a) Western blot 
to detect the androgen receptor; (b) full length identically 
loaded Coomassie stained gel to demonstrate equal protein 
loadings. Molecular masses in kDa are indicated on the left in 
panel b. 



was analysed by labelling with Hoechst 33342 stain. 
Cells were mounted in Vectashield (Vector Labs). 

23. Cell viability assays 

Cell viability was assayed using a commercial (3- 
(4,5-dimethylthiazol-2-yl)-5-(carboxymethoxyphenyl)- 
2-(4-sulphophenyl)-2H-tetrazolium, inner salt (MTS)) 
assay according to the manufacturer's instructions 
(CellTiter 96, Promega). Lactate dehydrogenase 
(LDH) assays were also performed using a commer- 
cial kit (CytoTox 96, Promega). 



3. Results 

We utilised SHSY5Y cells since pilot studies re- 
vealed that these human neuroblastoma cells do 
not express detectable levels of androgen receptor 
(see also Figs, la and 2d). Studies on the effect of 
expressing wild-type or SBMA mutant androgen re- 
ceptor by transfection in these cells would not there- 
fore be complicated by co-expression of the endoge- 
nous receptor. 

We generated several different transfected 
SHSY5Y cell clones and screened these by quantita- 
tive Western blotting to identify ones that expressed 
similar levels of wild-type and SBMA receptors. 
These studies identified two clones that expressed 
levels of wild-type and SBMA receptors that were 
indistinguishable (clones C28 and K6 respectively) 
(Fig. 1). These two clones were therefore selected 
for further investigations. 

Both C28 and K6 cells had morphologies that 
were similar to parental non-transfected cells and 
grew in androgen free medium in a fashion that 
was not noticeably different to parental SHSY5Y 
cells (Fig. 2a-c). Treatment of C28 and K6 cells 
with 1 nM R1881 for 2 h induced nuclear transloca- 
tion of the androgen receptor (Fig. 2d— i) but no evi- 
dence of cytoplasmic or nuclear aggregates was ob- 
served in any of the cells either prior to, or after 
androgen treatment. Similarly, we did not detect in- 
clusions in any of the other cell lines expressing wild- 
type or SBMA receptor that were examined. 

Upon treatment with R1881 for longer periods, 
both of the transfected cell lines displayed a marked 
time- and dose-dependent loss in cell viability as de- 
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SHSY5Y C28 K6 




Fig. 2. Morphology and immunocytochemical analyses of parental SHSY5Y cells and SHSY5Y cells stably expressing either a wild- 
type androgen receptor (C28 cells) or an SBMA mutant androgen receptor (K6 cells), (a-c) Phase contrast images of SHSY5Y, C28, 
and K6 cells respectively, (d-f) SHSY5Y, C28, and K6 cells stained with androgen receptor antibody N20 following treatment with 
1 nM R1881 for 2 h to demonstrate nuclear localisation; (g-i) the same fields stained with Hoechst 33342 to show nuclei, (j-1) 
SHSY5Y, C28, and K6 cells stained with Hoechst 33342 following 10 pM R1881 treatment for 3 days; pyknotic and fragmenting nu- 
clei typical of apoptotic cells are arrowed in the K6 cells. Scale bars: 50 um. 



termined by MTS assays; non-transfected parental 
cells were unaffected by androgen (Fig. 3). Similar 
results were obtained using LDH assays (data not 
shown). This loss in viability was significantly greater 
in clone K6 expressing the SBMA mutant androgen 
receptor than in clone C28 expressing the wild-type 
receptor. Similar results were obtained with testoster- 
one treatment. 

Analyses of two further clones that expressed the 
androgen receptor at different levels (CI 9 expressing 
the wild-type receptor and K20 expressing the 
SBMA receptor (Fig. 1)) revealed that they too ex- 
hibited a loss of viability following androgen treat- 



ment. Following a 5 day treatment with 1 nM 
R1881, C19 cells displayed 20% and K20 cells 65% 
survival (relative to non-transfected SHSY5Y cells) 
as determined by MTS assays. Under the same ex- 
perimental conditions, C28 and K6 cells displayed 
50% and 20% survival respectively (Fig. 3). Quanti- 
tative Western blots (see Fig. 1) revealed that C19 
cells expressed 1.8 times and K20 cells 0.23 times the 
level of receptor as C28 and K6 cells. Thus, several 
SHSY5Y cell lines expressing differing levels of the 
androgen receptor display a loss of viability in re- 
sponse to androgen treatment and this loss is at least 
partially related to the expression level of the recep- 
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Fig. 3. MTS cell viability assays of SHSY5Y cells and SHSY5Y 
cells expressing either a wild-type androgen receptor (C28 cells) 
or an SBMA mutant androgen receptor (K6 cells). Cell viability 
is expressed relative to untreated cells in each case. Cells were 
either untreated or treated with 10 pM (10 _n M) or 1 nM 
(1(T 9 M) R1881 for 3 days (a) or 5 days (b). Error bars are 
S.E.M. 

tor. These studies also provide further evidence that 
cells expressing the SBMA receptor are more sensi- 
tive to androgen than cells expressing the wild-type 
receptor although this relationship is not linear (CI 9 
cells are equally susceptible to androgen as K6 cells 
despite expressing 1 .8 times the level of receptor and 
K20 cells are only moderately less sensitive to andro- 
gen than C28 cells despite expressing only 0.23 times 
their level). 

The mechanism(s) that lead to neuronal cell loss in 
SBMA or indeed in any of the polyglutamine repeat 
diseases are not known. However, apoptosis is one 
proposed method of cell death for these disorders 
(see for example [15,28,29]). Since altered nuclear 
morphology is a marker for apoptosis, we analysed 
nuclear shape in the androgen treated cells by stain- 
ing with Hoechst 33342. For these studies, we fo- 
cused on cells exposed to 10 pM R1881 for 3 days 
since this particular treatment produced the most 
marked differences in survival between the cell types 
as determined by the MTS assays (see Fig. 3). Nuclei 
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Fig. 4. Androgen stimulation causes cleavage of proteins associ- 
ated with apoptosis in SHSY5Y cells expressing either a wild- 
type androgen receptor (C28 cells) or an SBMA mutant andro- 
gen receptor (K6 cells), (a) PARP cleavage in cells that were 
untreated (UN) or treated with 0.1 nM R1881 for either 3 or 5 
days (3d, 5d). As a positive control, parental SHSY5Y cells 
(SHSY5Y) were also treated with 10 \iM staurosporine (STAU) 
for 2 h to induce apoptosis. The 116 and 85 kDa PARP species 
are indicated, (b) Caspase 3 cleavage in C28 and K6 cells, but 
not parental SHSY5Y cells exposed to 1 nM R1881 for 5 days. 
Cleaved (17 kDa) and uncleaved (32 kDa) caspase 3 bands are 
identified, (c) The caspase inhibitor VAD-fmk increases viability 
of cells exposed to 1 nM R1881 for 5 days. Cells were treated 
with 1 nM R1881 in the presence and absence of VAD-fmk. 
Cell viabilities were determined by MTS assays and are ex- 
pressed relative to cells without VAD-fmk in each case. 

were scored for apoptotic changes (pyknotic/frag- 
menting nuclei) and these studies revealed that 
R1881 treatment resulted in 3.6% abnormal nuclei 
in C28 cells (n = 443) and 35.5% abnormal nuclei 
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induced in K6 cells (n = 327) as compared to parental 
SHSY5Y cells (see Fig. 2j-l for representative im- 
ages). These figures are similar to those obtained 
by the MTS assays (cf. Fig. 3) which show 7.5% 
and 45% losses of viability in C28 and K6 cells re- 
spectively. 

Proteolytic cleavage of PARP to generate an 85 
kDa fragment is a further marker for apoptosis 
[30,31]. We therefore analysed PARP cleavage by 
Western blotting in the SHSY5Y, C28 and K6 cells 
following treatment with 1 nM R1881 for 3 and 5 
days. Following R1881 treatment, the 85 kDa 
cleaved product was clearly discernible in both K6 
and C28 cells with the level being lower in C28 cells 
(Fig. 4a). 

To further investigate the possibility that death in 
response to androgen stimulation was by apoptosis 
we utilised an antibody against caspase 3. On activa- 
tion, caspase 3 is cleaved to generate a faster migrat- 
ing species on a Western blot. After stimulation with 
1 nM R1881 for 5 days both cell lines showed 
cleaved caspase 3, whereas parental cells did not 
(Fig. 4b). We also used the caspase inhibitor VAD- 
fmk to inhibit cell death in cells exposed to 1 nM 
R1881 (Fig. 4c). This increased survival of both cell 
lines; K6 and C28 viability was increased by 68% 
and 33% respectively. The small increase in viability 
seen in parental cells (11%) is probably due to inhi- 
bition of naturally occurring apoptosis in the cells. 

4. Discussion 

A number of other groups have now studied the 
effects of wild-type and SBMA androgen receptor 
expression on cell survival in transfected cells 
[29,32-37]. The results of these studies are variable. 
Some groups have reported little if any effect on 
viability of either the wild-type or SBMA receptor 
[32,33] whereas other reports demonstrate toxicity 
of both wild-type and SBMA receptors with SBMA 
receptors exhibiting increased toxicity [29,35]. How- 
ever, in one of these studies, androgens have little 
effect on the toxicity [35] whereas in the other study, 
androgen treatment rescues cells from toxicity [29]. A 
further study suggests that toxicity requires proteo- 
lytic cleavage of the receptor and formation of ag- 
gregates containing the polyglutamine tract [34]. It 



has also been shown that formation of aggregates 
requires androgens [37,38]. Most recently, it has 
been suggested that androgen stimulation promotes 
aggregate formation but may also be neuroprotective 
[37]. These different results probably reflect the dif- 
ferent cell types used for investigation, the different 
levels of expression of the androgen receptor in the 
cells including whether the cells express endogenous 
receptor, and finally whether stable or transient 
transfection methods were used. 

In the studies reported here, we have stably ex- 
pressed wild-type (19 polyglutamine repeats) and 
SBMA (52 polyglutamine repeats) androgen recep- 
tors in SHSY5Y cells. These are a human neuronal 
cell type that have been extensively used to study 
mechanisms of cell death in neurodegenerative dis- 
eases (see for example [39,40]). We selected for study 
two clones that express identical levels of wild-type 
and SBMA receptors (clones C28 and K6 respec- 
tively). Since parental SHSY5Y cells do not express 
the androgen receptor, we were therefore able to 
compare directly how polyglutamine repeat length 
influenced cell viability in the absence of an endoge- 
nous receptor. This is an important feature of our 
experimental approach since only one copy of the 
androgen receptor gene is expressed per cell in vivo 
in humans (the androgen receptor is located on the 
X-chromosome and so one copy is silenced in fe- 
males due to X-inactivation). The transfected 
SHSY5Y cells we have generated therefore model 
in vivo androgen receptor expression more closely 
than in some earlier studies. 

In the absence of androgen, C28 and K6 cells have 
similar morphologies and growth rates to parental 
SHSY5Y cells. However, upon treatment with an- 
drogens, C28 and K6 cells both undergo a dose-de- 
pendent loss of viability; no such loss is seen in the 
parental cells. Furthermore, analyses of several other 
SHSY5Y cell clones stably transfected with either 
wild-type or SBMA androgen receptor but express- 
ing differing levels of the receptors also revealed 
losses of viability following androgen treatment 
(data not shown). Alterations to expression of andro- 
gen-responsive gene(s) is thus toxic to SHSY5Y cells. 
The identification of the gene(s) that mediate this 
toxicity is therefore an important avenue for future 
investigation. 

Interestingly, although androgens induced a loss of 
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viability in both C28 and K6 cells, stimulation of the 
SBMA receptor induced a significantly higher rate of 
cell death. Studies of two further clones expressing 
wild-type and SBMA receptors (CI 9 and K20) pro- 
vided further support for this notion. Stimulation of 
the SBMA receptor is therefore more toxic than 
stimulation of the wild-type receptor in SHSY5Y 
cells. This may be because the wild-type and 
SBMA receptors induce expression of different 
gene(s) following androgen stimulation which then 
leads to cell death, or that they induce expression 
of androgen-responsive genes to differing levels 
which again induces a toxic effect. Alternatively, 
the SBMA receptor may cause cell death in a manner 
that is unrelated to expression of androgen-respon- 
sive genes but that is dependent upon androgen stim- 
ulation. Indeed, the mechanism(s) of cell death in 
SBMA and all of the polyglutamine repeat diseases 
are far from clear. One suggestion is that polygluta- 
mine tract expansion induces the formation of ag- 
gregates that are toxic to neurones [24,34,38]. How- 
ever, we were unable to detect androgen receptor 
aggregates in the transfected cells studied here (either 
before or after androgen treatment) although we can- 
not exclude the possibility that submicroscopic ag- 
gregates are present in the cells. Recent data have 
suggested that polyglutamine containing aggregates 
may not be toxic to cells [28,41,42] and this includes 
aggregates containing the SBMA receptor [37]. 

A further proposed toxic mechanism involves acti- 
vation of apoptotic pathways since expression of 
SBMA receptors has been shown to induce morpho- 
logical changes that are characteristic of apoptosis 
[29,35]. Our findings are in agreement with these 
studies since we too observe altered nuclear morphol- 
ogy consistent with apoptosis in the androgen treated 
K6 cells. In addition, we also detected proteolytic 
cleavage of PARP, a biochemical marker for apopto- 
sis [30,31] upon androgen stimulation and this cleav- 
age was more prominent in K6 cells. PARP is 
cleaved by caspases (caspase 3 and 7) as part of 
the apoptotic process (for reviews see [43,44]). We 
also detected cleavage of caspase 3 upon androgen 
stimulation of our stable cells, suggesting that this 
caspase is involved in the cell death induced by an- 
drogen treatment. Interestingly the androgen recep- 
tor has been shown to undergo proteolysis by mem- 
bers of the caspase family of proteases, including 



caspase 3 [29,45]. It has also been suggested that 
cleavage of the SBMA androgen receptor may medi- 
ate its toxicity [24,29]. We were able to detect a faster 
migrating species with the N20 androgen receptor 
antibody; however, we did not detect any increase 
in this band upon androgen treatment, or observe 
any de novo cleavage products after 5 days of 1 nM 
R1881 (data not shown). Since we had used several 
criteria to demonstrate apoptosis in these cells, 
we chose to try and prevent cell death using a well 
characterised caspase inhibitor. Treatment with 
VAD-fmk was able to increase cellular survival in 
both cell lines after 5 days of 1 nM R1881. The 
results presented here therefore suggest that andro- 
gen induced death of SHSY5Y cells expressing the 
SBMA androgen receptor may well involve apoptotic 
mechanisms. 
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Abstract X-linked spinal and bulbar muscular atrophy 
(SBMA), Kennedy's disease, is a degenerative disease of 
the motor neurons that is associated with an increase in 
the number of CAG repeats encoding a polyglutamine 
stretch within the androgen receptor (AR). Recent work 
has demonstrated that the gene products associated 
with open reading frame triplet repeat expansions may be 
substrates for the cysteine protease cell death execution- 
ers, the caspases. However, the role that caspase cleav- 
age plays in the cytotoxicity associated with expression 
of the disease-associated alleles is unknown. Here, we 
report the first conclusive evidence that caspase cleav- 
age is a critical step in cytotoxicity; the expression of the 
AR with an expanded polyglutamine stretch enhances its 
ability to induce apoptosis when compared with the nor- 
mal AR. The AR is cleaved by a caspase-3 subfamily 
protease at Asp 146 , and this cleavage is increased during 
apoptosis. Cleavage of the AR at Asp 146 is critical for the 
induction of apoptosis by AR, as mutation of the cleavage 
site blocks the ability of the AR to induce cell death. 
Further, mutation of the caspase cleavage site at Asp 146 
blocks the ability of the SBMA AR to form perinuclear 
aggregates. These studies define a fundamental role for 
caspase cleavage in the induction of neural cell death by 
proteins displaying expanded polyglutamine tracts, and 
therefore suggest a strategy that may be useful to treat 
neurodegenerative diseases associated with polyglu- 
tamine repeat expansions. Key Words: Triplet repeat 
disease — Caspase — Kennedy's disease — Androgen re- 
ceptor — Aggregates. 
J. Neurochem. 72, 185-195 (1999). 



The basic mechanisms that underlie neurodegenera- 
tive diseases are unknown. However, over the last few 
years more evidence has accumulated, suggesting that 
the neuronal cell death in at least some neurodegenera- 
tive diseases may involve an inappropriate activation of 
the programmed cell death pathway (apoptotic pathway) 



that was originally described to underlie developmental 
cell death (Lockshin and Williams, 1964; Kerr et al., 
1972). For example, presenilin-2 (PS2) appears to play a 
fundamental role in apoptosis regulation (Wolozin et al., 
1996), and mutations of PS2 associated with familial 
Alzheimer's disease increase apoptosis. Furthermore, 
both presenilin-1 (PS1) and PS2 protein products are 
substrates for the caspases (Kim et al., 1997), which are 
cysteine proteases required for apoptosis (Salvesen and 
Dixit, 1997). Mutations in the /3-amyloid precursor pro- 
tein at residue 717 that are associated with Alzheimer's 
disease are also proapoptotic (Yamatsuji et al., 1996). 
Spinal muscular atrophy is caused by mutations in the 
neuronal IAP gene (NIAP), an IAP (inhibitor of apopto- 
sis)-related protein (Roy et al., 1995). XIAP has been 
shown to be a direct inhibitor of some caspases (Dever- 
aux et al., 1997). How and at what point in the progres- 
sion of these neurodegenerative diseases the apoptotic 
process is invoked, however, remain to be clarified. 

Perhaps the most convincing evidence for involve- 
ment of the apoptotic pathway in neurodegeneration 
comes from studies of the CAG trinucleotide expansion 
diseases. Huntington's disease (HD) and other polyglu- 
tamine expansion diseases have an interesting relation- 
ship to the apoptotic process, as Huntingtin, as well as at 
least four other polyglutamine disease proteins, is a sub- 
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strate for the proapoptotic caspase-3 (Goldberg et al., 
1996; Miyashita et al., 1997; Wellington et al., 1998; 
Sheldon et al., unpublished data). 

Thus far, eight different dominantly inherited neurode- 
generative diseases are associated with polyglutamine tract 
expansions in their respective proteins (Ross, 1995; Perutz, 
1996; Nance, 1997). These include HD, spinal and bulbar 
muscular atrophy (SBMA; or Kennedy's disease), 
Machado- Joseph disease (MJD; or SCA-3), dentatorubro- 
pallidoluysian atrophy (DRPLA), and spinocerebellar 
ataxia types 1, 2, 6, and 7 (SCA-1, SCA-2, SCA-6, and 
SCA-7) (La Spada et al, 1991; Huntington's Disease Col- 
laborative Research Group, 1993; Orr et al., 1993; 
Kawaguchi et al., 1994; Koide et al., 1994; Imbert et al., 
1996; Sanpei et al., 1996; David et al., 1997; Zhuchenko 
et al., 1997). In all cases, there is selective death of 
neurons in different regions of the brain, and the clinical 
symptoms correlate with the affected regions. These 
neurodegenerative disorders show a strong correlation 
between polyglutamine tract length and age at onset of 
the disease (for review, see Nance, 1997). Anticipation, 
the phenomenon of progressively earlier onset of symp- 
toms in succeeding generations, is a second common 
feature of these disorders. 

As each of these disease-associated proteins shares a 
similar mutation, they may have a common pathological 
mechanism leading to neuronal cytotoxicity. This mech- 
anism must involve the expansion of the polyglutamine 
repeat, as the causative proteins do not share other struc- 
tural or functional similarities. Recent studies from sev- 
eral groups suggest that a critical step in the pathogenic 
mechanism shared among several of these triplet repeat 
proteins is the generation of a truncated protein contain- 
ing the polyglutamine repeat, with the subsequent for- 
mation of intracellular aggregates. Perinuclear aggre- 
gates and intranuclear aggregates of truncated huntingtin 
are found in the brains of HD patients and HD transgenic 
mice expressing an N-terminal mutant fragment for HD 
(Davies et al., 1997; DiFiglia et al., 1997; Scherzinger et 
al., 1997; Martindale et al., 1998). Neuronal intranuclear 
inclusions are also found in the brains of MJD and 
DRPLA patients, and in vitro studies again have shown 
these inclusions to be present only with truncated forms 
of these proteins (Paulson et al., 1997; Igarashi et al., 
1998). 

We have recently reported that four of the polyglu- 
tamine-containing proteins, i.e., huntingtin, the androgen 
receptor (AR), atrophin-1 (DRPLA), and ataxin-3 
(MJD), are cleaved by caspases (Wellington et al., 1998), 
suggesting that a caspase-dependent apoptotic pathway 
may be a critical factor in the generation of truncated 
proteins in some of these polyglutamine repeat disease 
proteins. 

Given our recent findings, we wished to determine if 
the caspase cleavage is required for the cytotoxicity 
exhibited by these proteins. Further, we wished to ad- 
dress whether the caspase cleavage site is required for the 
formation of the protein aggregates characteristic of 
these diseases. Here, we report the first conclusive evi- 



dence that caspase cleavage is a critical step in the 
cytotoxicity of one polyglutamine disease protein, the 
AR. We show that expression of the AR with an ex- 
panded polyglutamine stretch enhances its cytotoxicity 
when compared with the normal AR. Protein aggregates 
are formed on apoptosis induction only for the expanded 
repeat protein, suggesting a gain-of-function for the pro- 
apoptotic fragment with an expanded polyglutamine 
stretch. Further, mutation of the caspase cleavage site at 
Asp 146 blocks the ability of the SBMA androgen receptor 
to form perinuclear aggregates, and substantially blocks 
its cellular cytotoxicity. Caspase cleavage of SBMA AR 
and other polyglutamine-containing disease proteins may 
thus be a required step leading to the progression of 
polyglutamine expansion disorders. 

MATERIALS AND METHODS 

Culture and transfection of cells 

Cells from the human embryonic kidney cell line 293T 
were cultured in Dulbecco's modified Eagle's medium con- 
taining 10% fetal bovine serum with 1% penicillin/strepto- 
mycin. Transient transfection was performed with control 
plasmid pRc/CMV, full-length androgen constructs pRc/ 
CMV-AR12, pRc/CMV-AR50, pRc/CMV-AR12D146N, pRc/ 
CMV-AR50D 146N, pRc/CMV-ARAQ 58 _ 80 , and control plas- 
mid pRc/CM V-LacZ according to Jordan et al. (1996). Optimal 
transfection efficiency was determined to occur with the fol- 
lowing procedure: DNA (5 /il, 1 /xg//i,l) was mixed with 2 M 
CaCl 2 (6.2 id) and tissue culture water (38.8 yl) in polystyrene 
tubes and incubated at room temperature for 10 min. During the 
10-min incubation, the medium in the six- well plates was 
replaced with 1 ml of fresh medium. Then, 50 fx\ of 2X HBS 
(280 mM NaCl, 10 mM KC1, 1.5 mM sodium phosphate, 12 
mAf dextrose, 50 mM HEPES, pH 7.05) was added to the 
polystyrene tube. The DNA mixture was incubated for 2 min at 
37 °C and then carefully added to the cells. After incubation 
overnight, the cells were washed twice with fresh medium. 
Using pRc/CMV-LacZ, transfection efficiency was determined 
by staining for the expression of j3-galactosidase. Cell death 
was measured by trypan blue exclusion, acridine orange/ 
ethidium bromide, and LacZ reporter gene cotransfection, ei- 
ther in the presence of testosterone (1 yM) or in its absence. To 
assess cell viability, 1.5 ml of medium was gently removed 
from the six-well dish, leaving 0.5 ml behind. Then, 0.5 ml of 
trypan blue dye solution (0.1%) was added to the adherent 
cells. Cells were incubated briefly at room temperature to allow 
for dye uptake. Cells were scored for dye uptake in three 
separate fields with a minimum of 300 cells counted. Values for 
percentages of viable cells were corrected for transfection ef- 
ficiency, which was determined by LacZ staining. Testosterone 
was added to some cultures 12 h after transfection, and cell 
death was measured 36-50 h after transfection. Cellular death 
in confluent cells was induced with tamoxifen citrate at a 
concentration of 35 \x,M 36-48 h after transfection (Ellerby et 
al., 1997). Data were collected for three to five experiments and 
then compared by Student's t test for statistical significance. 

Death was established as apoptotic based on acridine orange/ 
ethidium bromide staining and activation of caspase-3. For 
adherent cells undergoing early apoptosis, morphological 
changes associated with apoptotic cell death were monitored 
using an acridine orange/ethidium bromide solution by a pro- 
cedure based on the method of McGahon et al. (1995) with 
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modifications. At certain time points, cell culture medium was 
aspirated from adherent cells growing in 24- well plates, and the 
cells were washed gently once with room temperature phos- 
phate-buffered saline (PBS). Then 1-2 ml of a 20-fold dilution 
of the dye mixture (composed of 100 mg/ml acridine orange 
and 100 mg/ml ethidium bromide), in PBS with formalin, was 
gently pipetted on the cells and viewed on an inverted fluores- 
cence microscope. 

Acridine orange passes freely through the plasma mem- 
brane, so it intercalates into the DNA, giving it, and therefore 
the nucleus, a green appearance. This dye also binds the RNA, 
but because it cannot intercalate, the RNA, and therefore the 
cytoplasm, appears red. Early apoptotic cells whose mem- 
branes are still intact, but which have started to fragment their 
DNA, still have green nuclei, because ethidium bromide still 
cannot enter the cell, but chromatin condensation will become 
visible as bright green patches in the nuclei. As the cell 
progresses through apoptosis, membrane blebbing occurs, so 
that in late apoptosis, ethidium bromide enters the cell and 
stains the nuclei so that they fluoresce bright orange. Nuclei 
were scored as apoptotic if they exhibited margination and 
condensation of the chromatin, and/or nuclear fragmentation 
similar to that observed in normal apoptotic cells (Kerr et al., 
1972). A minimum of 200 cells were scored for each time 
point. Necrotic cells can be identified by ethidium bromide 
staining in the absence of the apoptotic features described 
above. Necrotic cells are typically stained bright orange with 
uniform color. 

Western blot analysis 

Western blot analysis was performed as described previ- 
ously by Ellerby et al. (1997), using N-terminal and C-terminal 
AR antibody from Santa Cruz Biotech (Santa Cruz, CA, 
U.S.A.). 

In vitro translation reactions 

Plasmids pRc/CMV, pRc/CMV-AR12, pRc/CMV-AR50, 
pRc/CMV-AR12D146N, pRc/CMV-AR50D146N, and pRc/ 
CMV-ARAQ 58 _ 80 were transcribed by using T7 polymerase, 
then translated by using the TNT system (Promega) in the 
presence of [ 35 S]methionine. Translations were incubated 
with the indicated caspase for 2 h, at identical specific activi- 
ties, in the following buffer: 20 mM piperazine-AW-bis(2- 
ethanesulfonic acid) (PIPES), 100 mM NaCl, 1% 3-[(3-chol- 
amidopropyl)dimethyIammonio]- 1-propanesulfonate (CHAPS), 
10% sucrose, 10 mM dithiothreitol, and 0.1 mM EDTA, pH 
7.2, at 37°C. 

Purification of caspases and preparation of cell-free 
extracts 

His-tagged caspases were purified by nickel -affinity chro- 
matography as previously described (Orth et al., 1996; Cardone 
et al., 1997; Zhou et ah, 1997). Translated AR constructs were 
treated with control extract, tamoxifen-primed neuronal cell- 
free extract, or cytochrome c/dATP extract as previously de- 
scribed (Ellerby et al., 1997). 

Site-directed mutagenesis and plasmid construction 

Human AR12D146N and AR50D146N were created using 
the QuikChange site-directed mutagenesis system from Strat- 
agene. pRc/CMV-AR constructs were used as templates with 
the following synthetic primers according to manufacturer 
instructions: 5'-CCGGACGAGGATAACTCAGCTGC- 
CCC ATCC-3 ' ; 5 ' -GG ATGGGGCAGCTG AGTT ATCCT- 
CGTCCGG-3'; and 5 ' -GCTCTAG ACC A ATGCTTCACTGG- 
GTGTGG-3'. Site-directed mutagenesis was used to prepare 



N-terminal fragments representing caspase cleavage products. 
AR12 and AR50 N-terminal constructs designated 
pLME443-12 and pLME443-50, encoding amino acids 1-146, 
were constructed by introducing termination codons with the 
following mutagenic primers: 5 ' -CCGG ACG AGG ATG ACT- 
GAGCTGCCCCATCCAC-3' and 5'-GTGGATGGGGC- 
AGCTC AGTC ATCCTCGTCCGG-3 ' . C-terminal construct 
pLME2316, encoding amino acids 147-919 of AR was con- 
structed by PCR amplification, using the following oligonucle- 
otides containing Xbal and Not\ restriction sites, respectively: 
5 ' -GCTCTAG ACC A ATGCTTCACTGGGTGTGG-3 ' and 
5'-ATAAGAATGCGGCCGCGCACGATGGACTCAGCTG- 
CCCCATCCAC-3'. 

pRc/CMV-ARAQ 58 _ 80 was constructed, using overlap PCR. 
Using four oligonucleotides, two fragments of the AR gene 
were created via PCR. Fragment A was created, using the 
following oligonucleotides: 5 -CCGCTCGAGGCGGC- 
CGCTAGCTGCAGCG ACTAC-3 ' and 5'-CTCACCCAG- 
C AGC AGCA A ACTGGCGCCG-3 ' as the reverse primer. The 
former primes a region within the 5' untranslated region of the 
AR and contains an Nhel restriction site. The latter primes up 
to the 5' end of the CAG region of AR and includes six 
nucleotides 3' to the AR. Fragment B was created with the 
following oligonucleotides: 5 ' -CTGCTGGGTG AGG ATGGT- 
TCTCCCCAAAG-3' as the forward primer and 5'-CAGCT- 
GCTTA AGCCGGGG AAAGTG-3 ' as the reverse primer. The 
former primes six nucleotides 5' upstream of the CAG region 
and 22 nucleotides downstream from the 3' end of the region. 
The latter primes a region within the open reading frame of AR 
and contains an Aflll site. The PCR products, fragment A and 
fragment B, were then purified and used in a third PCR reac- 
tion. Using the forward primer used to make fragment A and 
the reverse primer for fragment B, a third PCR product was 
created using fragments A and B, which overlap by 12 nucle- 
otides, as the template. This fragment (AB) was purified, di- 
gested with Mel and Aflll, and subsequently ligated into pRc/ 
CMV-AR digested by the same enzymes. 

Mapping of caspase cleavage sites by 
radiosequencing 

Radiosequencing was performed as previously described 
(Salvesen and Enghild, 1990; Cardone et al., 1997). Plasmid 
pRc/CMV-AR12 was transcribed and translated with T7 poly- 
merase, using the TNT system (Promega) with either [ 35 S]me- 
thionine or [ 3 H] leucine. The translation was treated with 
caspase-3, separated by sodium dodecyl sulfate-polyacrylam- 
ide gel electrophoresis, and electroblotted onto a polyvinyl i- 
dene di fluoride membrane. After autoradiography, the position 
of the [ 35 S]methionine-labeled AR fragments was used to cut 
out the [ 3 H]leucine AR bands from the polyvinyl idene difluo- 
ride membrane. The samples were subjected to automated 
sequencing, using an Applied Biosy stems 476 A sequencer, and 
the anilinothiazolinone derivatives in each cycle were counted 
in a scintillation counter. Comparison of the known positions of 
leucines relative to the caspase cleavage site aspartate allowed 
identification of one of the AR cleavage sites. 

Immunofluorescence microscopy 

293T cells were grown on glass covers! ips and transiently 
transfected with the indicated AR construct as described above. 
At 36 h after transfection, the cells were treated with 35 \xM 
tamoxifen for 1 h. After fixation in 3% paraformaldehyde/PBS 
[or PHEM (60 mM PIPES, 25 mM HEPES, 5 mM glycine, 10 
mM EGTA, 2 mM MgS0 4 , pH 6.9)] solution for 20 min, the 
cells were permeabilized in 0.5% Triton/PBS (or PHEM) for 
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FIG. 1. Expression of the wild-type AR (AR12) is proapoptotic, 
with testosterone inhibiting the proapoptotic effect. 293T ceils 
were transiently transfected at low confluency (10%) with pRc/ 
CMV-AR12, and cellular death was assessed using trypan blue 
exclusion in the presence and absence of testosterone (1 pM). 
Testosterone was added 12 h after transfection, and death was 
measured 48 h after transfection. Differences between control 
and pRc/CMV-AR12 and pRc/CMV-AR12 with and without tes- 
tosterone were statistically significant (p < 0.01). Very similar 
results were obtained with the motor neuronal cell line NSC-19; 
transient transfection of AR12 resulted in apoptotic cell death 
and addition of testosterone blocked cell death. 



5 min. The cells were incubated at room temperature with 
anti-AR antibody from Santa Cruz Biotech (1:200) for 1 h, 
washed with PBS (3 X or PHEM), and then incubated in Texas 
Red-conjugated anti-rabbit antibody (1:1,000) for 30 min. PBS- 
(or PHEM-) washed cells on coverslips were then mounted 
onto slides with 4\6'-diamidino-2-phenyl indole (DAPI; 
Sigma) as a nuclear counterstain. Either PHEM or PBS solu- 
tions were used for these studies. Immunofluorescence was 
observed by using a Zeiss confocal microscope. Control exper- 
iments were performed, including incubation with secondary 
antibody only, and immunofluorescence of cells transfected 
with control plasmids. 

RESULTS 

Increased cytotoxicity of SBMA mutant AR 

To investigate the cytotoxicity of the AR and SBMA 
mutant AR, we transiently transfected 293T cells as well 
as motor neuronal cell line NSC-19 (Cashman et al., 
1992) with expression constructs encoding the full- 
length human AR gene (Jordan et al., 1996). Untrans- 
fected 293T cells do not express the AR and are not 
dependent on androgen. The expression of wild-type AR 
in 293T cells enhanced apoptosis in the absence of an- 
drogen, whereas apoptosis was inhibited by the addition 
of testosterone (Fig. 1). The viability of the cells was 
measured by trypan blue exclusion and the mode of 
death was shown to be apoptotic, based on acridine 
orange/ethidium bromide staining. Expression of 0- 
galactosidase was used as a control and used to deter- 
mine transfection efficiency. 

As the syndrome of complete androgen insensitivity is 
not associated with a motor neuron syndrome similar to 
that displayed by SBMA patients (Fischbeck, 1997), 
Kennedy's disease is more likely to be caused by a 



gain-of-function rather than a loss-of-function mutation. 
Gain-of-function can entail enhancement of a normal 
function and/or establishment of a novel function. We 
hypothesized that the AR mutations associated with 
Kennedy's disease may enhance the proapoptotic effect 
of the wild-type AR. Therefore, we compared the cyto- 
toxic effect of the wild-type AR (AR12) to that of a 
mutant form of AR with an expanded polyglutamine 
tract (AR50) in our tissue culture model. As shown in 
Fig. 2, cell death was increased by expansion of the 
polyglutamine repeat (AR50), and decreased by deletion 
of the polyglutamine tract in 293T cells. Vector alone or 
LocZ-transfected 293T cells served as controls. 

Furthermore, stable transfections of AR12 and AR50 
into the motor neuronal cell line NSC-19 (Cashman et 
al., 1992) confirmed that the cytotoxicity of the AR 
expression increases with expansion of the polyglu- 
tamine tract. In this case, transfection of the motor neu- 
ronal cell line NSC-19 with pRc/CMV-AR12 gave 21% 
death in the controls (pRc/CMV), 36% cell death with 
AR12 expression, and 54% death with AR50 expression. 
It is noteworthy that stable transfections of AR24 and 
AR65 into motor neurons, which are androgen respon- 
sive, have demonstrated poor expression of AR65 in 
comparison with AR24, which may have obscured a 
potential proapoptotic effect of AR65 (Brooks et al., 
1997). 

Cleavage of the AR by caspases 

Because the AR had been shown previously to be 
processed proteolytically in the intracellular compart- 
ment (Kemppainen et al., 1992), we evaluated its cleav- 
age in a cell-free system of neuronal apoptosis (Ellerby 
et aL, 1997). We showed previously that extracts pre- 
pared from neurons and neuronal cell lines committed to 




pRc/CMV ARAQ ARt2 AR50 

FIG. 2. Expansion of the polyglutamine repeat within the AR, 
from 12 to 50 glutamines, enhances the proapoptotic effect of 
AR expression. 293T cells were transiently transfected with pRc/ 
CMV-ARAQ, pRc/CMV-AR12, or pRc/CMV-AR50 at 25% con- 
fluency. Death was induced 48 h after transfection with tamox- 
ifen (35 iiM). Cellular death was assessed by using trypan blue 
exclusion in the presence and absence of testosterone (1 /x/W) 
5 h after tamoxifen treatment at 80% confluency. The difference 
between ARAQ, AR12, and AR50 was statistically significant (p 
< 0.01). Expression of the AR lacking the polyglutamine tract is 
less cytotoxic than the expression of wild-type or expanded AR. 
See Materials and Methods. 
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FIG. 3. A: In vitro translated wild-type AR1 2 (lanes 1 , 2, and 3) and AR50 (lanes 4, 5, and 6) were treated with neuronal cell-free extracts. 
Control and activated extracts are noted (see Ellerby et al., 1997). cyto/dATP, cytochrome c/dATP; tamox, tamoxifen. B: In vitro 
translated AR12 (lanes 1-6) and AR50 (lanes 7-12) were treated with the indicated purified caspases (20 nM). C: In vitro translated AR12 
(lanes 1 and 2), AR12D146N (lanes 3 and 4), AR50 (lanes 5 and 6), and AR50D146N (lanes 7 and 8) were treated with caspase-3. D: 
Diagrams of the primary structure of the normal and mutant (SBMA-derived) human AR protein are shown: ■, polyglutamine tract; El, 
DNA binding domain; ■, hormone binding domain. Caspases cleave the AR in the N-terminal and C-terminal regions of the protein. 
Radiosequencing of in vitro translated AR with pHJieucine was used to map the N-terminal cleavage site. The cleavage site in the 
N-terminal region and the approximate location of the C-terminal cleavage site are indicated (I). AR functional domains are noted. 
The predicted molecular masses of the fragments resulting from cleavage near the N terminus of the AR12 are 82 kDa (for both AR12 
and AR50) and 16 kDa (21 kDa for AR50). E: In vitro translated AR12 (lanes 1 and 2) and C-terminal AR construct pLME2316 (lanes 3 
and 4) were treated with caspase-3. 



apoptosis cleave several cellular death substrates (e.g., 
poly-ADP-ribose polymerase, the 5 isoform of protein 
kinase C, and lamin-B) specifically, and that this cleav- 
age is caspase dependent (Ellerby et al., 1997). There- 
fore, we tested whether in vitro translated AR is cleaved 
by activated neuronal extracts. As shown in Fig. 3A, both 
AR12 (lane 1) and AR50 (lane 4) remained intact when 
incubated with nonapoptotic extracts. In contrast, incu- 
bation of AR12 (Fig. 3A, lanes 2 and 3) or AR50 (Fig. 
3A, lanes 5 and 6) with neuronal extracts committed to 
undergoing apoptosis yielded four AR fragments. These 
fragments had apparent sizes of 100 kDa (AR12 and 
AR50), 80 kDa (90 kDa for AR50), 50 kDa (AR12 and 
AR50), and 18 kDa (35 kDa for AR50). As shown in Fig. 
3A, the predominant fragments generated in neuronal 
cell-free extracts are the 100 kDa (AR12 and AR50), 50 
kDa (AR12 and AR50), and the 18 kDa (35 kDa for 
AR50). The fragment generated at 80 kDa (90 kDa for 
AR50) is cleaved considerably less efficiently in our 
neuronal cell-free extracts. Therefore, characterization of 



the former (i.e., major) cleavage products was pursued 
further. 

The finding that the AR is cleaved by apoptotic ex- 
tracts but not by nonapoptotic extracts suggested, but did 
not prove, that the cleavage was mediated by caspases. 
This is because both caspases and noncaspase proteases 
may be activated during apoptosis (Zhivotovsky et al., 
1996, 1997). However, previous work by Goldberg et al. 
(1996) had shown that huntingtin is cleaved in vitro by 
caspase-3, and the AR, like huntingtin, contains consen- 
sus caspase-3 cleavage sites. Therefore, we determined 
whether AR12 and AR50 are caspase substrates, by 
incubating in vitro translated AR products with puri- 
fied caspases. As shown in Fig. 3B, we found that 
caspase-3 (CPP32/YAMA/apopain), caspase- 1 (ICE), 
and caspase-8 (FLICE/Mach-1), but not caspase-6 
(Mch2) or caspase-7 (Mch3), are capable of cleaving the 
AR (AR12 or AR50) in vitro. Caspase-3 cleavage of AR 
was more efficient than that catalyzed by either 
caspase-6 or caspase-8, based on both protein concentra- 
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tion and specific activity of these enzymes. We found no 
evidence that the expanded polyglutamine tract of AR 
influenced the susceptibility of AR to cleavage by puri- 
fied caspases, and the results of these studies have been 
reported elsewhere (Wellington et al., 1998). 

We next sought to determine whether this potential 
cleavage event plays a role in the in vivo proapoptotic 
effect of the AR. To determine this, we first used radio- 
sequence analysis to map the site of cleavage of the AR 
by caspase-3 to Asp 146 (see Fig. 3D). We localized this 
site to the N- terminal transcription modulatory domain 
of AR, ~70 residues C- terminal to the polyglutamine 
region of the protein. Cleavage at this site gave two 
cleavage products, with apparent sizes of 100 kDa (C- 
terminal product) and 18 kDa (N-terminal product) for 
AR12 (see Fig. 3A, lane 2). For AR50, a 35-kDa product 
containing the glutamine repeat was generated, as well as 
the same 100-kDa product (see Fig. 3A, lane 5). In 
addition, a second site was identified between the recep- 
tor steroid binding domain and DNA binding domain 
(see Fig. 3D). This second site yields a large N-terminal 
80-kDa fragment with polyglutamine repeat for AR12 
(90 kDa for AR50). 

As shown in Fig. 3C, mutation of Asp 146 to Asn 
(D146N) blocked the in vitro cleavage by caspase-3 at 
this site. The cleavage products at 100 and 18 kDa (35 
kDa for AR50) for AR12 are no longer present in the in 
vitro translated mutant proteins (see Fig. 3C). Mutation 
to Asn was chosen rather than to Glu because of the 
structural similarity of Asn to Asp and the previous 
finding that Glu in the PI position may in some cases still 
allow caspase cleavage, although with lower efficiency 
than with Asp in the PI position (Howard et al., 1991; 
Kayalar et al., 1996). Substitution of Asn for Asp at 
position 146 also blocked the AR cleavage in apoptotic 
neuronal extracts, providing confirmation that AR pro- 
teolytic processing in these extracts is mediated by 
caspases, and that Asp 146 is a caspase cleavage site (data 
not shown). 

To test further whether the cleavage products of AR at 
Asp 146 were consistent with the observed cleavage prod- 
ucts generated in neuronal apoptotic extracts and in cell 
culture, a series of truncated cDNAs representing the 
caspase cleavage products of normal and SBMA AR 
were prepared. In vitro translation of plasmids represent- 
ing N-terminal cleavage product for AR12 (18 kDa) and 
AR50 (35 kDa) resulted in translated products identical 
to those generated from caspase cleavage of full-length 
AR (data not shown). As shown in Fig. 3E, in vitro 
translation of a plasmid coding for the C-terminal frag- 
ment (amino acids 147-919) produced a 100-kDa prod- 
uct identical to that generated during caspase cleavage of 
the full-length AR (Fig. 3E, lane 2 and 3). It is interesting 
that incubation of the C-terminal fragment with purified 
caspase-3 generates two 50-kDa fragments (Fig. 3E, lane 
4). Thus, AR cleavage at Asp 146 generates a small N- 
terminal product and a large C-terminal product. The 
C-terminal product is further cleaved to generate the two 
50-kDa products. As shown in Fig. 4A and B, western 
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FIG. 4. Western analysis of 293T cells transfected with trun- 
cated or full-length AR constructs. A: Western blot of tamoxifen 
(35 /iM)-treated 293T cells transfected with pRc/CMV (lane 1), 
AR12 (lane 2), AR50 (lane 3) f pLME443-12 (lane 4), and 
pLME443-50 (lane 5). Truncated N-terminal AR cDNAs were 
prepared as described in Materials and Methods and N-terminal 
AR antibody was used to detect expression of these constructs. 
B: Western blot of pRc/CMV (lane 1), AR12 (lane 2), and 
pLME2316 (lane 3) transfected into 293T cells treated with ta- 
moxifen (35 yJM). C-terminal AR antibody was used to detect 
expression of AR and the C-terminal fragment. 

analysis of the various truncated AR cDNAs and full- 
length AR cDNA introduced into 293T cells confirmed 
that these fragments are generated during apoptotic 
death. Similar cleavage products were observed in nu- 
merous cell lines undergoing apoptosis, e.g., NT2, NSC- 
19, and COS-7 (data not shown). 

The proapoptotic effect of the AR requires caspase 
cleavage 

Having determined that a caspase cleavage site is 
located just carboxy-terminal to the polyglutamine 
tract in the AR, and that mutation of this site blocks 
caspase cleavage, we assessed the effect of blocking 
caspase cleavage of AR12 and AR50 on the proapop- 
totic effects of these proteins in culture. As shown in 
Fig. 5A, transient transfection of AR12D146N and 
AR50D146N resulted in a two- to threefold reduction 
in apoptotic cell death when compared with AR12 and 
AR50. The expression level of all four proteins was 
similar in the transient expression assay (see Fig. 5B), 
suggesting that the reduction in proapoptotic effect 
was not simply due to a decrease in the expression of 
the transfected mutant genes. Further, western blot 
analysis using an antibody directed against the N- 
terminal domain of AR12 confirmed the generation of 
caspase cleavage product of 18 kDa (35 kDa for 
AR50), and substitution of Asn for Asp at position 146 
in AR blocked the generation of these cleavage prod- 
ucts in 293T cells. 

Increased cytotoxicity of SBMA AR correlates with 
formation of large perinuclear aggregates 

As our cytotoxicity studies indicated that the 
caspase cleavage site is crucial to the proapoptotic 
effect of AR, we investigated whether apoptosis in- 
duction with tamoxifen modulated the formation of 
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FIG. 5. Inhibition of the cytotoxic effect of both wild-type and 
expanded ARs by mutation of the N-terminal caspase cleavage 
site. A: 293T cells were transiently transfected with pRc/CMV- 
AR12, pRc/CMV-AR50 t pRc/CMV-AR12D146N, and pRc/CMV- 
AR50D146N. Death was induced 48 h after transfection with 
tamoxifen (35 ijA/I). Cellular death was assessed by using trypan 
blue exclusion 5 h after tamoxifen treatment at 80% confluency. 
Differences between AR1 2 and AR12D146N as well as ARSO and 
AR50D146N were statistically significant (p < 0.01). B: Western 
analysis of transiently transfected 293T cells with pRc/CMV- 
AR12, pRc/CMV-AR50, pRc/CMV-AR1 2D1 46N, and pRc/CMV- 
AR50D146N demonstrates a similar level of expression of an- 
drogen receptor 

aggregates. Expression of the AR50, but not AR12, 
led to formation of large perinuclear aggregates in the 
cytoplasm, as determined by confocal microscopy 
(Fig. 6C and D) on apoptosis induction. Modulation of 
aggregate formation did not occur in the absence of 
apoptosis induction (Fig. 6A and C) for AR50 or 
AR12. The perinuclear aggregates described in these 
studies are observed in several cell culture models of 
triplet repeat expansion disease proteins and in pa- 
tients with HD (DiFiglia et al., 1997; Paulson et al., 
1997; Martindale et al., 1998). Transfection of 293T 
cells with truncated MJD resulted in perinuclear and 
intranuclear clusters (Paulson et al., 1997). In a similar 
manner, we have recently reported that cells trans- 
fected with amino-terminal huntingtin constructs con- 
tain both perinuclear and intranuclear aggregates, de- 
pending on the size of the fragment (Martindale et al., 
1998). The fact that initial studies on patients with 
Kennedy's disease have shown aggregates in the nu- 
cleus rather than perinuclear may reflect further trun- 
cation or specific neuronal protein interactions with 
AR fragments that localize the inclusions to the nu- 
cleus. 



Mutation of caspase cleavage site in SBMA AR 
blocks formation f aggregates 

To test whether the caspase cleavage site is required 
for the formation of aggregates in cell culture, we eval- 
uated whether mutation of the caspase cleavage site in 
the AR affects the formation of aggregates. Cells trans- 
fected with pRc/CMV-AR12 expressed AR protein dif- 
fusely in the cytoplasm with a homogeneous pattern 
during apoptotic cell death with tamoxifen (Fig. 6C). 
Cells transfected with pRc/CMV-AR50 showed large 
aggregates in perinuclear locations (Fig. 6D) during ap- 
optotic cell death. In sharp contrast, cells transfected 
with pRc/CMV-AR50D146N did not form these large 
aggregates, suggesting that, at least in this system, 
caspase cleavage of SBMA AR is required for aggrega- 
tion (Fig. 6F). Cells transfected with pRc/CMV- 
AR12D146N also showed a homogeneous cytoplasmic 
distribution of AR (Fig. 6E). 

To determine whether the formation of aggregates 
correlated with the cytotoxicity of SBMA AR and 
caspase cleavage, we quantified the frequency of aggre- 
gate bodies in 293T cells transfected with each of the AR 
constructs. During apoptotic stimulation with tamoxifen, 
aggregate formation was observed at high frequency for 
SMBA AR (38-43%) when compared with normal AR 
(5-10%) (Fig. 7). Mutation of the caspase cleavage site 
Asp 146 of the expanded AR substantially blocked aggre- 
gate formation (12-18%) (Fig. 7). 

Androgen blocks cleavage of AR and prevents 
formation of aggregates in SBMA AR 

The AR functions as a transcription factor after nu- 
clear translocation that is initiated by binding to andro- 
gen. We have shown that the wild-type AR is proapop- 
totic (Fig. 1), and that this cytotoxicity is completely 
blocked by the addition of androgen (Fig. 1). In separate 
experiments, we have shown that the cytotoxicity of the 
AR is blocked by mutation of the caspase cleavage site 
Asp 146 , suggesting that the generation of a proapoptotic 
fragment is responsible for this effect. Together these 
data suggest that testosterone may block the cleavage of 
the AR. As shown in Fig. 8A and B, addition of testos- 
terone to 293T cells transfected with AR results in trans- 
location of AR into the nucleus. Western analysis reveals 
that testosterone addition blocks cleavage of AR during 
apoptotic stimulation (Fig. 8C). 

Given our findings, we assessed whether androgen 
was a critical factor in the formation of aggregates in 
cells transfected with SBMA AR. As shown in Fig. 9, 
aggregate formation was observed at high frequency for 
SMBA AR (38-43%) when compared with normal AR 
(5-10%). Addition of testosterone blocked aggregate for- 
mation (13-18%) in cells transfected with SMBA AR. 

DISCUSSION 

In this study, we show that cells transfected with 
expression constructs encoding the AR undergo en- 
hanced apoptotic cell death that is mediated by a pro- 
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FIG. 7. Mutation of the caspase cleavage site abolishes forma- 
tion of perinuclear aggregates in SBMA AR. 293T cells were 
transfected with the indicated AR constructs. AR was detected 
by immunofluorescence. The total number of cells containing 
aggregates relative to the total number of cells expressing AR 
were counted. The percentage aggregates in AR-expressing 
cells are presented for each construct before and after tamoxifen 
addition. Differences between ARSO and the other AR constructs 
were statistically significant (p < 0.01). 



that the enhanced cytotoxicity of SMB A AR observed in 
our tissue culture paradigm may relate to the cause of 
neuronal cell death in patients with Kennedy's disease. 
Our initial characterization of the SBMA AR in 293T 
cells demonstrated a marked reduction in cytotoxicity 
after mutation of the caspase cleavage site. However, this 
reduction was not a proportionally greater reduction in 
cytotoxicity when compared with the wild-type protein. 
The reason for this is likely to be related to the following 
three factors: (1) the cytotoxicity of normal AR and 
expanded form are modulated by androgen levels; (2) we 



B 



FIG. 6. Immunofluorescence of AR with expanded polyglu- 
tamine repeat shows the formation of protein aggregates in 293T 
cells. A: Untreated 293T cells transfected with AR (AR12). B: 
Tamoxifen treated (1 h, 35 ^M) 293T cells transfected with 
normal AR (AR12). Immunofluorescence of AR in 293T cells 
transfected with wild-type AR before tamoxifen treatment was 
identical to tamoxifen-treated cells. C: Untreated 293T cells 
transfected with disease-associated AR (ARSO). D: Tamoxifen- 
treated (1 h, 35 (iM) 293T cells transfected with disease-asso- 
ciated AR (ARSO). Immunofluorescence studies show that mu- 
tation of the N-terminal caspase cleavage site in SBMA AR 
blocks formation of perinuclear aggregates. E: Tamoxifen- 
treated (1 h, 35 fiM) 293T cells transfected with AR12D146N. F: 
Tamoxifen-treated (1 h, 35 t±M) 293T cells transfected with 
AR50D146N. 



apoptotic caspase cleavage product. In vitro mutagenesis 
of the N-terminal caspase site blocks production of this 
proapoptotic fragment and dramatically reduces cellular 
toxicity. Further, we show that caspase cleavage of 
SBMA AR plays a central role in the formation of 
perinuclear aggregates in cell culture. Our results suggest 




FIG. 8. The subcellular distribution of 
AR is modulated by androgen, and ad- 
dition of androgen blocks cleavage of 
the AR. A: Immunofluorescence micros- 
copy of 293T cells transfected with AR1 2 
shows a cytoplasmic distribution of AR. 
B: 293T cells transfected with AR12 
treated with testosterone shows a nu- 
clear localization. C: Western analysis of 
AR12 shows that the addition of testos- 
terone blocks cleavage of the AR. 
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Testosterone + - + 

FIG. 9. Addition of testosterone modulates aggregate formation 
in SBMA AR. 293T cells were transfected with the indicated AR 
constructs. AR was detected by immunofluorescence. The total 
number of cells containing aggregates relative to the total num- 
ber of cells expressing AR were counted. The percentages of 
aggregates in AR-expressing cells treated with tamoxifen are 
presented for each construct without and with testosterone (1 00 
nM) addition. Differences between AR50 with and without an- 
drogen were statistically significant (p < 0.01). 



have mutated only one of the two caspase cleavage sites 
contained within the AR; (3) the SBMA AR is transcrip- 
tionally less active than the wild-type form. 

One intriguing finding is the effect of androgen addi- 
tion on the formation of aggregates by SBMA (i.e., 
expanded) AR. We found that addition of testosterone 
reduces cleavage of AR, and this correlates with the 
ability of androgen to reduce the frequency of aggregates 
found in cells transfected with SBMA AR. Androgen 
treatment results in translocation of AR into the nucleus 
and high levels of transcriptional activity. SBMA AR is 
similarly translocated into the nucleus, with a slightly 
reduced transact! vation activity (50-80%) (Kazemi- 
Esfarjani et al., 1995). One possible explanation for our 
results is that the transcriptionally active form of AR 
may bind to proteins and/or DNA in a fashion that blocks 
cleavage by caspases. An alternative possibility is that 
transcriptional activation of AR by androgen may result 
in the expression of antiapoptotic proteins such as BCL2 
or IAPs. 

The results reported here, coupled with our recent 
reports (Martindale et al, 1998; Wellington et al., 1998), 
suggest that one potential similarity between the eight 
different proteins for which expanded polyglutamine re- 
gions are associated with neurodegenerative disease 
states is that they are cleaved by caspases to produce 
proapoptotic fragments; i.e., they may function as 
caspase amplifiers. In this model, initial cleavage would 
produce a toxic fragment with a gain of toxic function, 
e.g., aggregation. This initial generation of toxic frag- 
ment would lead to amplification of caspases through a 
feedback loop. This amplification loop would be highly 
dependent on cellular context such as caspase/inhibitor 
distribution within the cell, protein-protein, and/or pro- 
tein-ligand interaction with each type of polyglutamine 
repeat protein. Thus, generation of a proapoptotic frag- 
ment may be specifically blocked by binding to the 
appropriate substrates (such as androgen for the AR). 



The physiological role of caspase cleavage of these 
proteins is unknown. However, the reported results dem- 
onstrate that caspase cleavage is crucial to the cytotoxic 
effect of the expanded repeat AR, as well as to its 
aggregation. In contrast, expression of the wild-type AR 
did not lead to aggregation, whether or not caspase 
activation was induced. These results do not, however, 
exclude the possibility that noncaspase proteases may 
also play a role in processing of the AR or other poly- 
glutamine tract proteins. 

The results also do not offer an explanation for the 
specific pattern of neuronal loss in Kennedy's disease or 
other CAG repeat diseases. It is possible that alterations 
in caspase expression, androgen concentration, AR ex- 
pression, or downstream targets may determine the 
selective vulnerability of motor neurons in Kennedy's 
disease. The effect of testosterone to block both AR 
cleavage and the proapoptotic effect suggests that phys- 
iological inhibitors and enhancers of caspase cleavage of 
polyglutamine-containing proteins may explain the se- 
lective vulnerability of specific neuronal populations in 
this group of diseases. 

Finally, as blocking the cleavage of the AR inhibits its 
proapoptotic effect, such a strategy may prove useful for 
the treatment of neurodegenerative diseases associated 
with polyglutamine repeat expansions. It is noteworthy 
that general caspase inhibitors have been developed, but 
not substrate-specific caspase inhibitors. The latter may 
prove to be effective in halting the continued progression 
of neurodegenerative diseases associated with polyglu- 
tamine tract expansions. 

Note added in proof: Recent studies by Butler et al. (1998) 
and Abdullah et al. (1998) have demonstrated a 74-kDa C- 
terminally truncated fragment of the AR, which is increased in 
cells expressing polyglutamine-expanded AR. It is possible that 
this corresponds to the fragment generated by cleavage at the 
C-terminal caspase site, between the DNA binding domain and 
the hormone binding domain (referred to as an 80-kDa frag- 
ment in the current article). 



Acknowledgment: This study was supported by NIH grants 
AG 12282 and CA69381 to D.E.B, and by the Glendon Foun- 
dation (Catherine Dorn, trustee). The work of G.S.S. was 
supported by NIH HL5 13999. H.M.E. is a NIH Senior Re- 
search Fellow (NS 10050). The work of M.R.H. and L.P. is 
supported by the Canadian Networks of Centres of Excellence 
(NCE-Genetics) and MRC (Canada) operating grants. M.R.H. 
is an established investigator of the B.C. Children's Hospital. 
C.L.W. and A.S.H. are Alberta Heritage Foundation for Med- 
ical Research postdoctoral fellows. We thank E. Wilson for 
providing a wild-type androgen receptor cDNA. 

REFERENCES 

Abdullah A. A. R., Trifiro M A., Panet-Raymond V., Aivarado C, de 
Tourreil S M Frankel D., Schipper H. M, and Pinsky L. (1998) 
Spinobulbar muscular atrophy: polyglutamine-expanded androgen 
receptor is proteolytically resistant in vitro and processed abnor- 
mally in transfected cells. Hum. Mol Genet. 7, 379-384. 



/ Neurochem., Vol 72, No. 1, 1999 



194 



L. M. ELLERBY ET AL. 



Brooks B. P., Paulsen H. L., Merry D. E., Salazar-Grueso E. R, 
Brinkmann A. 0., Wilson E. M., and Fishbeck K. H. (1997) 
Characterization of an expanded glutarnine repeat androgen re- 
ceptor in a neuronal cell culture system. Neurbiol. Dis. 4, 313— 
323. 

Butler R., Leigh P. N., McPhaul M. J., and Gallo J.-M. (1998) Trun- 
cated forms of the androgen receptor are associated with polyglu- 
tamine expansion in X- linked spinal and bulbar muscular atrophy. 
Hum. Mol. Genet 7, 121-127. 

Cardone M H., Salvesen G. S., Widmann C, Johnson G., and Frisch 
S. M. (1997) The regulation of anoikis: MEKK-1 activation re- 
quires cleavage by caspases. Cell 90, 315-323. 

Cashman N. R., Durham H. D., Blusztajn J. K., Oda K., Tabira T., 
Shaw I. T., Dahrouge S., and Antel J. P. (1992) Neuroblastoma 
X spinal cord (NSC) hybrid cell lines resemble developing motor 
neurons. Dev. Dyn. 194, 209-221. 

David G., Abbas N., Stevanin G., Durr A., Yvert G., Cancel G., Weber 
C, Imbert G., Saudou F., et al. (1997) Cloning of the SCA7 gene 
reveals a highly unstable CAG repeat expansion. Nat. Genet. 17, 
65-70. 

Davies S. W., Turmaine M, Cozens B. A., DiFiglia M„ Sharp A. H., 
Ross C. R., Scherzinger E., Wanker E. E., Mangiarini L., and 
Bates G. P. (1997) Formation of neuronal intranuclear inclusions 
underlies the neurological dysfunction in mice transgenic for the 
HD mutation. Cell 90, 537-548. 

Deveraux Q. L., Takahashi R., Salvesen G. S., and Reed J. C. (1997) 
X-linked IAP is direct inhibitor of cell death proteases. Nature 
388, 300-304. 

DiFiglia M, Sapp E., Chase K. O., Davies S. W., Bates G. P., Vonsattel 
J. P., and Aronin N. (1997) Aggregation of huntingtin in neuronal 
intranuclear inclusions and dystrophic neurites in brain. Science 
277, 1990-1993. 

Ellerby H. M, Martin S. J., Ellerby L. M., Naiem S. S., Rabizadeh S., 
Salvesen G. S., Casiano N. R., Green D. R., and Bredesen D. E. 
(1997) Establishment of a cell-free system of apoptosis: compar- 
ison of premitochondrial, mitochondrial, and post mitochondrial 
phases. J. Neurosci. 17, 6165-6178. 

Fischbeck K. H. (1997) Kennedy disease. J. Inherit. Metab. Dis. 20, 
152-158. 

Goldberg Y. P., Nicholson D. W., Rasper D. M., Kalchman M. A., 
Koide H. B., Graham R. K., Bromm M., Kazemi-Esfarjani P., 
Thomberry N. A., Vaillancourt J. P., and Hayden M. R. (1996) 
Cleavage of huntingtin by apopain, a proapoptotic cysteine pro- 
tease, is modulated by the polyglutamine tract. Nat. Genet. 13, 
442-449. 

Howard A. D., Kostura M. J., Thomberry N., Ding G. J., Limjuco G., 
Weidner J., Salley J. P., Hogquist K. A., Chaplin D. D., Mumford 
R. A., et al. (1991) IL-1 -converting enzyme requires aspartic acid 
residues for processing of the IL- 1 beta precursor at two distinct 
sites and does not cleave 31-kDa IL-1 alpha. J. Immunol. 147, 
2964-2969. 

Huntington* s Disease Collaborative Research Group (1993) A novel 
gene containing a trinucleotide repeat that is expanded and unsta- 
ble on Huntington's disease chromosomes. Cell 72, 971-983. 

Igarashi S., Koide R., Shimohata T., Yamada M., Hayashi Y., Takano 
H., Date H., Oyake M., Sato T., Sato A., Egawa S., Ikeuchi T., 
Tanaka H., Nakano R., Tanaka K., Hozumi I., Inuzuka T., Taka- 
hashi H., and Tsuji S. (1998) Suppression of aggregate and apo- 
ptosis by transglutaminase inhibitors in cells expressing truncated 
DRPLA protein with an expanded polyglutamine stretch. Nat. 
Genet. 18, 111-117. 

Ikeda H., Yamaguchi M., Sugai S., Aze Y., Narumiya S,, and Kakizuka 
A. (1996) Expanded polyglutamine in the Machado-Joseph dis- 
ease protein induces cell death in vitro and in vivo. Nat. Genet. 13, 
196-202, 

Imbert G., Saudou F., Yvert G., Devys D., Trottier Y., Gamier J. M., 
Weber C, Mandel J. L., Cancel G., Abbas N., Durr A., Didierjean 
O., Stevanin G., Agid Y., and Brice A. (1996) Cloning of the gene 
for spinocerebellar ataxia 2 reveals a locus with high sensitivity to 
expanded CAG/glutamine repeats. Nat. Genet. 14, 285-291. 



Jordan M., Schallhorn A., and Wurm F. M. (1996) Transfecting mam- 
malian cells: optimization of critical parameters affecting calcium- 
phosphate precipitate formation. Nucleic Adas Res. 24, 596-601. 

Kawaguchi Y., Okamoto T., Taniwaki M., Aizawa M., Inoue M., 
Katayama S., Kawakami H., Nakamura S., Nishimura M., Akigu- 
chi I., Kimura J., Narumiya S., and Kakizuka A. (1994) CAG 
expansions in a novel gene for Machado-Joseph disease at chro- 
mosome I4q32.1. Nat. Genet. 8, 221-227. 

Kayalar C, Ord T., Testa M. P., Zhong L. T., and Bredesen D. E. 

(1996) Cleavage of actin by interleukin 1 beta-converting enzyme 
to reverse DNase I inhibition. Proc. Natl. Acad. Sci. USA 93, 
2234-2238. 

Kazemi-Esfarjani P., Trifiro M. A., and Pinsky L. (1995) Evidence for 
a repressive function of the long polyglutamine tract in the human 
androgen receptor: possible pathogenetic relevance for the 
(CAG) n -expanded neuronopathies. Hum. Mol. Genet. 4, 523-527. 

Kemppainen J. A., Lane M. V., Sar M., and Wilson E. M. (1992) 
Androgen receptor phosphorylation, turnover, nuclear transport, 
and transcriptional activation. /. Biol. Chem. 267, 968-974. 

Kerr J. F. R., Wyllie A. H., and Currie A. R. (1972) Apoptosis: a basic 
biological phenomenon with wide-ranging implications in tissue 
kinetics. Br. J. Cancer 26, 239-257. 

Kim T.-W., Pettingell W. H., Jung Y.-K., Kovacs D. M., and Tanzi 
R. E. (1997) Alternative cleavage of Alzheimer-associated prese- 
nilins during apoptosis by a caspase-3 family protease. Science 
277, 373-376. 

Koide R., Ikeuchi T., Onodera O., Tanaka H., Igarashi S., Endo K., 
Takahashi H., Kondo R., Ishikawa A., Hayashi T., et al. (1994) 
Unstable expansion of CAG repeat in hereditary dentatorubral- 
pallidoluysian atrophy (DRPLA). Nat. Genet. 6, 9-13. 

La Spada A. R., Wilson E. M., Lubahn D. B., Harding A. E., and 
Fischbeck K. H. (1991) Androgen receptor gene mutations in 
X-linked spinal and bulbar muscular atrophy. Nature 352, 77-79. 

Lockshin R. A. and Williams C. M. (1964) Programmed cell death. II. 
Endocrine potentiation of the breakdown of the intersegmental 
muscles of silkmoths. J, Insect Physiol. 10, 643-649. 

Martindale D., Hackam A., Wieczorek A., Ellerby L. M., Wellington 

C, McCutcheon K., Devon R., Sinaraja R., Bredesen D., Tufaro 
F., and Hayden M. R. (1998) Length of huntingtin and its poly- 
glutamine tract influences localization and frequency of intracel- 
lular aggregates. Nat Genet. 18, 150-154. 

McGahon A. J., Martin S. J., Bissonnette R. P., Mahboubi R. P., 
Mahboubi A., Shi Y., Mogil R. J., Nishioka W. K., and Green 

D. R. (1995) The end of the (cell) line: methods for the study of 
apoptosis in vitro. Methods Cell Biol. 46, 153-185. 

Miyashita T., Okamuraoho Y., Mito Y., Nagafuchi S., and Yamada M. 

(1997) Dentatorubral pallidoluysian atrophy (DRPLA) protein is 
cleaved by caspase-3 during apoptosis. J. Biol. Chem. 272, 
29238-29242. 

Nance M. A. (1997) Clinical aspects of CAG repeat diseases. Brain 
Pathol. 7, 881-900. 

Orr H. T., Chung M., Banfi S., Kwiatkowski T. J., Servadio A., 
Beaudet A. L., McCali A. E., Duvick L. A., Ranum L. P. W., and 
Zoghbi H. Y. (1993) Expansion of the unstable trinucleotide CAG 
repeat in spinocerebellar ataxia type 1. Nat. Genet. 4, 221-226. 

Orth K., O'Rourke K., Salvesen G. S., and Dixit V. M. (1996) Molec- 
ular ordering of apoptotic mammalian CED-3/ICE-like proteases. 
J. Biol. Chem. 274, 20977-20980. 

Paulson H. L., Perez M. K., Trottier Y., Trojanowski S. H., Subramony 
S. H., Das S. S., Vig P., Mandel J.-L., Fischbeck K. H., and 
Pittman R. N. (1997) Intranuclear inclusions of expanded poly- 
glutamine protein in spinocerebellar ataxia type 3. Neuron 19, 
333-334. 

Perutz M. F. (1996) Glutamine repeats and inherited neurodegenerative 
diseases: molecular aspects. Curr. Opin. Struct. Biol. 6, 848-858. 

Ross C. A. (1995) When more is less: pathogenesis of glutamine repeat 
neurodegenerative diseases. Neuron 15, 493-496. 

Roy N., Mahadevan M. S., McLean M., Shutler G M Yaraghi Z., Farhani 
R., Baird S., Besner-Johnston A., Lefebvre C, Kang X., et al. 
(1995) The gene for neuronal apoptosis inhibitory protein is 
partially deleted in individuals with spinal muscular atrophy. Cell 
80, 167-178. 



1 Neurochem., Vol. 72, No. I, J 999 



CASPASE CLEAVAGE OF THE ANDROGEN RECEPTOR 



195 



Salvesen G. S. and Dixit V. M (1997) Caspases: intracellular signaling 

by proteolysis. Cell 91, 443-446. 
Salvesen G. and Enghild J. (1990) An unusual specificity in the 

activation of neutrophil serine protease zymogens. Biochemistry 

29, 5304-5308. 

Sanpei K., Takano H. ( Igarashi S., Sato T., Oyake M, Sasaki H., 
Wakisaka A., Tashiro K., Ishida Y., Ikeuchi T., Koide R., Saito 
M. t Sato A., and Tanaka T. (1996) Identification of the gene for 
spinocerebellar ataxia type 2 (SCA2) using a direct identification 
of repeat expansion and cloning technique (DIRECT). Nat. Genet. 
14, 277-284. 

Scherzinger E., Lurz R., Turmaine M, Mangiarini L., Hollenbach B., 
Hasenbank R., Bates G. P., Davies S. W., Lehrach H., and Wanker 
E. E. (1997) Huntington-encoded polyglutamine expansions form 
amyloid-like protein aggregates in vitro and in vivo. Cell 90, 
549-558. 

Wellington C. L., Ellerby L. M, Hackam A. S., Margolis R. L., Trifiro 
M. A. t Singaraja R., McCutcheon K., Salvesen G. S., Propp S. S., 
Bromm M., Rowland K. J., Zhang T. Q., Rasper D., Roy S., 
Thornberry N., Pinsky L., Kakizuka A., Ross C A., Nicholson 
D. W., Bredesen D. E., and Hayden M. R. (1998) Caspase cleav- 
age of gene products associated with triplet expansion disorders 
generates truncated fragments containing the polyglutamine tract. 
J. Biol Chem. 273, 9158-9167. 



Wolozin B. t Iwasaki K., Vito P., Ganjei J. K., Lacana E., Sunder- 
land T., Zhao B., Kusiak J. W., Wasco W., and D'Adamio L. 
(1996) Participation of presenilin 2 in apoptosis: enhanced 
basal activity conferred by an Alzheimer mutation. Science 
274, 1710-1713. 

Yamatsuji T., Matsui T., Okamoto T., Komatsuzaki K., Takeda S., 
Fukumoto H., Iwatsubo T., Suzuki N., Asami-Odaka A., and 
Ireland S. (1996) G protein-mediated neuronal DNA fragmenta- 
tion induced by familial Alzheimer's disease-associated mutants 
of APP. Science 272, 1349-1352. 

Zhivotovsky B., Burgess D. H., and Orrenius S. (1996) Proteases in 
apoptosis. Experientia 52, 968-978. 

Zhivotovsky B., Gahm A., and Orrenius S. (1997) Two different 
proteases are involved in the proteolysis of lamin during apopto- 
sis. Biochem. Biophys. Res. Commun. 233, 96-101. 

Zhou Q., Snipas S., Orth K., Dixit V. M, and Salvesen G. S. (1997) 
Target protease specificity of the viral serpin CrmA. Analysis of 
five caspases. J. Biol. Chem. 272, 7797-7800. 

Zhuchenko O., Bailey J., Bonnen P., Ashizawa T., Stockton D. W., 
Amos C, Dobyns W. B., Subramony S. H., Zoghbi H. Y., and Lee 
C. C. ( 1 997) Autosomal dominant cerebellar ataxia (SCA6) asso- 
ciated with small polyglutamine expansions in the a, A -voltage- 
dependent calcium channel. Nat. Genet. 15, 62-69. 



J. Neurochem., Vol. 72. No. 1, 1999 



ELSEVIER 



Molecular Brain Research 75 (2000) 216-224 



www.elsevier.com /locate /bres 



Research report 

Intracerebral injection of caspase-3 inhibitor prevents neuronal apoptosis 
after kainic acid-evoked status epilepticus 

Alexei Kondratyev * , Karen Gale 

Department of Pharmacology, Georgetown University Medical Center, Washington, DC, 20007, USA 

Accepted 28 September 1999 



Abstract 

In the aftermath of prolonged continuous seizure activity (status epilepticus, SE), neuronal cell death occurs in the brain regions 
through which the seizure propagates. Recent studies have implicated apoptotic processes in this seizure-related injury. Because activation 
of caspase-3-like cysteine proteases plays a crucial role in mammalian neuronal apoptosis, we explored the possibility that activation of 
caspase-3 is involved in the neuronal apoptotic cell death that occurs in rat brain following SE induced by systemic kainic acid. Caspase-3 
activity was determined immunocytochemically using CM1 antibodies specific for catalytically active subunit (pl7) of the enzyme. We 
found an induction of caspase-3 activity in rhinal cortex and amygdala at 24 h after SE. To determine whether activation of caspase-3-like 
proteases is a necessary component of the injury process, we delivered a caspase-3 inhibitor, z-DEVD-fmk, into the lateral ventricle prior 
to, and following SE. z-DEVD-fmk treatment substantially attenuated apoptotic cell death after SE, both in hippocampus and rhinal 
cortex, as evaluated by analysis of internucleosomal DNA fragmentation and neuronal nuclear morphology. Our findings implicate 
caspase-3 cysteine protease in the neurodegenerative response to SE and suggest that this degeneration can be attenuated by inhibition of 
caspase-3-like enzyme activity. ©2000 Elsevier Science B.V. All rights reserved. 

Keywords: Epilepsy; Limbic system; Rhinal cortex; Caspase-3; Neuronal apoptosis; DNA fragmentation 



1. Introduction 

Prolonged continuous seizure activity, as occurs during 
status epilepticus (SE), triggers neuronal cell death in the 
brain regions through which the seizure propagates. Exper- 
imental SE evoked by the systemic administration of kainic 
acid is associated with neuronal damage preferentially 
localized to limbic areas, including hippocampal CA sub- 
fields and rhinal cortex [37,38]. 

There is reason to suspect that programmed cell death 
(PCD) is responsible for a significant component of the 
neural degeneration that occurs in the aftermath of pro- 
longed seizures. Molecular and histopathological markers 
of PCD, some of which characterize apoptosis, have been 
reported as sequelae of SE evoked by either kainic acid or 
pilocarpine [13-15,1 9,20,32-34,44]. 

Apoptotic PCD depends to a significant extent on the 
activation of cysteine proteases. The ced~3 gene, initially 
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identified in the nematode, Caernorhabditis elegans, pro- 
vided the first evidence for an essential role of cysteine 
proteases in promoting apoptosis [45]. Multiple mam- 
malian homologues of Ced-3, or "caspases", have since 
been identified and fall into two distinct subclasses: cas- 
pase-l-like and caspase-3-like proteases. Among those re- 
lated to caspase-1 are caspases 4, and 5 [8,18,28]. Those 
similar to caspase-3 include caspases 2, and 6-10 [6,9- 
12,23,29,42]. 

In mammalian systems, a crucial role for caspases in 
neuronal apoptosis has been documented through the use 
of specific inhibitors of cystein proteases in cell cultures 
[4,5,7,14,26,36,40]. Moreover, caspases have been impli- 
cated in the pathogenesis associated with several models of 
brain damage, including ischemia [2,3], traumatic brain 
injury [43], and epilepsy [16], In particular, induction of 
caspase-3 mRNA has been reported in rat hippocampal 
neurons following systemic administration of kainic acid 
[16], after transient global ischemia [2,16], and in response 
to fluid percussion-induced traumatic brain injury [43], 
Furthermore, inhibitors of caspase-1 -like or caspase-3-like 
cysteine proteases proved neuroprotective against ischemic 
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insults in vivo [2,3] and against ischemic and excitotoxic 
treatments in vitro [17]. 

Post-translational activation of caspases requires prote- 
olytic cleavage of the precursor protein. In the case of 
caspase-3, two subunits (pi 7 and pi 2) are generated, the 
larger of which contains the catalytic site [10]. This pro- 
cess (and the resulting generation of proteolytic fragments) 
leads to enzyme activation and can therefore be used as a 
reliable and sensitive indicator of caspase activation. In the 
present study, we examined apoptosis and proteolytic 
cleavage of caspase-3 in rat hippocampus and rhinal cortex 
following kainic acid-evoked SE of durations sufficient to 
cause mild to moderate degrees of neuronal injury. To 
determine whether caspase-3 activation is a necessary 
component of SE-induced apoptosis, we evaluated the 
effect of a specific caspase-3 inhibitor, z-DEVD-fmk, ap- 
plied by intracerebroventricular microinjection (according 
to a protocol established by Yakovlev et al. [43]), on the 
extent of apoptotic cell death following SE. Our findings 
indicate that caspase-3 -like cysteine protease is a necessary 
component of the neurodegenerative response to prolonged 
seizure activity. 



2. Materials and methods 

2.7. Animals 

Sprague-Dawley male rats weighing 175-200 g (Harlan 
Sprague Dawley, Indianapolis, IN) were used. Rats were 
maintained four per cage in a temperature-controlled room 
with a 12-h light cycle. Food and water were provided ad 
libitum. All experimental protocols used were in compli- 
ance with AALAC standards and were approved by the 
Georgetown University Animal Care and Use Committee. 

2.2. Surgical procedures 

Animals were anesthetized with Equithesin (3 mg/kg) 
and placed in a Kopf stereotaxic apparatus. A stainless 
steel guide cannula (0.71 mm external diameter, 3 mm 
length) aimed at the left lateral ventricle was placed through 
a hole drilled in the skull and secured to the scull with 
dental acrylic and jeweler's screws. A stainless steel stylet 
(0.36 mm external diameter) was inserted into the guide 
cannula and kept in place prior to, and in between, injec- 
tions. Surgery was performed on the rats at least 3 days 
before experiments were initiated. 

2.3. Treatment groups 

Rats were randomly assigned to vehicle-treated control 
or z-DEVD-fmk groups (n = 4 for each group). A specific 
caspase-3 tetrapeptide inhibitor, z-DEVD-fmk (W-benzyl- 
oxycarbonyl-Asp(OMe)- Glu(OMe)-Val-Asp(OMe)-fluoro- 
methylketone), 240 pmol, was infused into the left lateral 
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ventrical in a volume of 5 jjlL The infusion cannula, which 
protruded 1 mm below the indwelling guide cannula, was 
connected by polyethylene tubing to a 10 [il Hamilton 
syringe mounted in a Sage infusion pump. The treatment 
regimen we selected was identical to that used by Yakovlev 
et al. [43] for the prevention of neuronal death after 
traumatic brain injury. The treatment was given 30 min 
before kainic acid injection, and again at 4 and 20 h after 
the onset of SE (which occurred between 45 and 90 min 
after kainic acid injection, see below). Vehicle-treated 
control animals were infused at the same time points 
(before and after SE) with 5 |xl of vehicle alone (50% 
DMSO). Animals were sacrificed by decapitation at 6 h 
after the last intraventricular injection (i.e., 24 h after 
termination of SE). Brains were either quickly dissected 
(for DNA isolation) or frozen for subsequent cryostat 
sectioning (for immunohistochemistry). The basis for se- 
lecting the 24-h time point (after SE termination) for 
measurements of caspase-3 activation and apoptosis in- 
cluded: (1) The fact that following kainic acid, DNA 
fragmentation in rhinal cortex and hippocampus has an 
onset between 12 and 24 h (with continued rise in frag- 
mentation for up to 48 h or longer) [unpublished observa- 
tions]; 24 h is the earliest time at which all animals exhibit 
consistent robust DNA fragmentation (a marker of irre- 
versible stage of apoptosis); (2) Caspase-3 activation is 
known to precede the triggering of DNA fragmentation 
[31,39]. By choosing the earliest time point when fragmen- 
tation was robust, we increased our chances of detecting 
both caspase-3 activation and DNA fragmentation, thus 
allowing us to evaluate the protective effect of z-DEVD- 
fmk with maximum sensitivity. 

In addition, two separate groups of saline-treated con- 
trols (see Induction of SE) and SE-treated rats (n = 3 for 
each group) were used for caspase-3 activity measure- 
ments. 

2.4. Induction of SE 

To induce SE, kainic acid (Sigma) was administered i.p. 
in a dose of 10-15 mg/kg, titrated as necessary for each 
group of animals to ensure that continuous SE developed 
within 90 min of injection. SE was allowed to continue for 
2 h, after which it was terminated by an i.p. injection of 30 
mg/kg diazepam (Elkins-Sinn, Cherry Hill, NJ). SE was 
defined as continuous seizure activity (facial and forelimb 
clonus, head bobbing, and facial twitching) uninterrupted 
by normal behavior. The animals were observed closely 
for at least 2 h following seizure termination to verify 
seizure cessation. We have previously established (in stud- 
ies with EEG recordings) that in diazepam-treated rats, 
signs of mild head twitching and/or forelimb twitching 
are indicative of resumption of electrographic seizure ac- 
tivity. Consequently, additional doses of diazepam (10 
mg/kg) were given, as needed, to ensure that all signs of 
seizure activity (including subtle twitching) were pre- 
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vented. Control (seizure naive) rats received i.p. injection 
of saline ("saline control treatment") instead of kainic 
acid, and were given diazepam (30 mg/kg i.p.) 3 h later. 

2.5. Immunocytochemistry 

2.5 J. Perfusion / fixation 

For immunocytochemical detection of caspase activa- 
tion, perfusion/fixation was performed. After completion 
of each experiment, animals were given an i.p. injection of 
pentobarbital (150 mg/kg) to induce deep anesthesia as 
assessed by loss of the * 'toe-pinch reflex". Fixation was 
then initiated by perfusion with a rinsing solution (phos- 
phate-buffered saline, PBS, pH 7.4, Gibco). This was 
followed by perfusion with 4% formaldehyde in PBS (pH 
7.4). Brains were then removed from the skull, soaked 
overnight in the same buffer, and then transferred to a 
formol-saline solution containing 20% sucrose for an addi- 
tional 24 h. 

2.5.2. Detection of caspase-3 activation 

Caspase-3 activation was determined using CM1 rabbit 
polyclonal antibodies (IDUN Pharmaceuticals, La Jolla, 
CA) which specifically recognize the fragment (17 kDa) 
containing the catalytic site of the enzyme [21,41], Proce- 
dures followed those recommended by the company, as 
previously described [41]. Briefly, coronal cryosections (10 
|xm) from perfusion- fixed brains were rinsed twice in PBS 
and incubated for 30 min in PBS containing 3% hydrogen 
peroxide to inhibit endogenous peroxidase activity. Sec- 
tions were then incubated for 1 h at room temperature in 
blocking buffer consisting of 2% bovine serum albumin 
(Sigma), 0.2% non-fat milk powder, 2% normal goat 
serum (Sigma) and 0.8% Triton X-100 in PBS, and then 
overnight with primary antibodies (1:2000) at 4°C. Sec- 
tions were washed three times in wash buffer (PBS con- 
taining 0.2% Tween-20), incubated with biotinylated goat 
anti-rabbit antibodies, and then incubated with avidin- 
horseradish peroxidase (HRP) conjugate (Vector Laborato- 
ries, Burlingame, CA), according to the manufacturer's 
recommendations for the Vecstain ABC kit. Active cas- 
pase- 3-positive cells were visualized using chromogenic 
HRP substrate from the AEC kit (Vector Laboratories) as 
recommended by the manufacturer. To control for reaction 
specificity and residual endogenous peroxidase activity, 
adjacent brain sections were treated as described above 
with the omission of either CM1 antibody or goat anti-rab- 
bit antibodies. Sections were counterstained with Hema- 
toxylin (Vector Laboratories) to visualize nuclei and then 
examined under a microscope. 

2.5.3. Double labeling for Hoechst 33258 and Texas Ted / 
NeuN 

Immunohistochemical detection of apoptotic neurons 
(double labeling) was performed according to the proce- 
dures described previously [43]. Coronal cryosections (10 



jjim) containing ventral hippocampus were thaw-mounted 
onto Superfrost Plus slides (Fisher Scientific). The sections 
were immersion fixed for 5 min in 10% buffered formalin 
(pH 7.1), rinsed twice in PBS and then permeabilized by a 
15 min immersion in PBS containing 0.1% saponin 
(Calbiochem). For identification of neurons, sections were 
incubated in a PBS buffer containing mouse antibodies to 
rat neuronal nuclear protein (NeuN, 1:100; Chemicon, 
Temecula, CA), 1% bovine serum albumin, and 1% nor- 
mal goat serum (Sigma). After 20 h, the sections were 
washed in PBS and incubated for 1 h with fluorescent 
(Texas Red) goat anti-mouse IgG (1:100; Sigma) and then 
washed 3 X in PBS. All sections were then incubated for 1 
min with a 1:5000 dilution of 10 mg/ml bis-benzimide 
(Hoechst 33258; Sigma) to resolve nuclear morphology, 
mounted in Citifluor (Ted Pella, Redding, CA), and exam- 
ined under a fluorescent microscope with excitation/emis- 
sion wavelengths of 345/425 (Hoechst) and 590/615 
(Texas Red). 

2.6. Analysis of DNA fragmentation 

Apoptotic DNA was isolated and labeled as previously 
described [43], with minor modifications. Briefly, genomic 
DNA was extracted from rhinal cortex and hippocampus in 
7 M guanidine hydrochloride. Extracts were mixed with 1 
ml of Wizard Maxiprep Resin (Promega) and the suspen- 
sion was pelleted by centrifugation. The pellets were resus- 
pended in 1 ml of washing solution (90 mM NaCl, 9 mM 
Tris-HCl, pH7.4, 2.25 mM EDTA, and 55% ethanol), and 
drawn by vacuum through Wizard Midicolumns (Promega). 
Columns were washed with 6 ml of washing solution and 
vacuum dried. DNA was eluted with 50 |xl of water. 
Residual RNA was removed by incubation with 1 |xg of 
RNase A at 37°C for 30 min. DNA (100 ng) was added to 
each 20 jxl of labeling mixture comprised of 10 mM 
Tris-HCl, pH 9.0, 50 mM KC1, 0.1% Triton X-100, 10 
mM MgCl 2 , 2 u,Ci [a- 32 P]dATP (3,000 Ci/mmol, Amer- 
sham) and 1 U Tag DNA polymerase (Perkin-Elmer). 
Reactions were incubated at 72°C for 20 min and termi- 
nated by the addition of the gel loading buffer. Samples 
were loaded onto a 1.3% agarose gel and electrophoresed 
at 4 V/cm. Labeled DNA fragments were visualized by 
autoradiography of the dried gel. Multiple autoradio- 
graphic exposure durations were used to determine and 
ensure that visualized DNA fragments were in the linear 
range of optical density. Optical density of the nucleoso- 
mal dimer areas on the autoradiograph was measured using 
an Alphalmager 2000 image capturing computer (Alpha 
Innotech, San Leandro, CA) and image analyzing software 
(Scion Image 3b, Scion, Frederick, MD), 

A two-way ANOVA with a post-hoc Fishers test was 
used for statistical analysis of the DNA fragmentation 
detected in hippocampus and rhinal cortex in the different 
treatment groups. The following groups of animals and 
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samples were compared: (a) vehicle- treated control group 
was compared with SE or SE + zDEVD-fmk treated 
groups; (b) SE-treated group was compared with SE 4- z- 
DEVD-fmk treated group; and (c) samples from hemi- 
sphere ipsilateral to the z-DEVD-fmk infusion site were 
compared to samples from contralateral side within the 
same treatment group. 

3. Results 

3.1. Induction of caspase-3 activity by SE 

The induction of caspase-3 activity after SE was exam- 
ined immunohistochemically using CM1 antibodies [41]. 
These antibodies selectively recognize the active (17 kDa) 
catalytic subunit of the enzyme, which is released by the 
proteolytic digestion of an inactive precursor protein. CM1 



antibody staining of brain sections obtained from rats at 24 
h after a 2-h period of kainic acid-induced SE revealed 
cells strongly positive for the active subunit of caspase-3 
localized throughout rhinal cortex (Fig. ld,d*). In addi- 
tion, a modest level of immunoreactivity was seen in the 
medial and lateral mammillary body. No positive cells 
were detected in hippocampus (Fig. lb), mediodorsal tha- 
lamus, parietal cortex or striatum (not shown) of the same 
animals. Rhinal cortex and hippocampus in brain sections 
from animals that did not experience SE, contained no 
cells that were positive for the active subunit of caspase-3 
(Fig. la,c,c*). 

3.2. z-DEVD-fmk prevents apoptosis induced by SE 

The extent of apoptosis after SE was examined by 
electrophoretic analysis of internucleosomal DNA frag- 
mentation and by immunohistochemical labeling of neu- 





Fig. 1, Activation of caspase-3 24 h after a 2-h period of SE, as compared to saline- treated control animals not experiencing seizures. Sections from 
hippocampus (a, b) and entorhinal cortex (c, d) were stained with CM1 anti-pl7 as described in Section 2. Cells positive for active caspase-3 (d, d*) seen 
as brown-red on gray-blue background. Photographs a, b t c, and d were taken at 200 X magnification. Insets c* and d* are photomicrographs of entorhinal 
cortex taken at 400 X magnification. 
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ronal nuclear morphology. Robust DNA fragmentation was 
detected by agarose gel electrophoresis from rhinal cortex 
and hippocampus taken at 24 h after a 2-h period of SE 
(Fig. 2A, lanes 3 and 4). Control brains (sham-operated, 
vehicle and diazepam-treated, without SE) exhibited barely 
detectable DNA fragmentation (Fig. 2A, lanes 1 and 2). In 
all groups of rats, the optical density of radiolabeled DNA 
bands was equivalent across the two hemispheres (Fig. 
2B), indicating that the extent of DNA fragmentation is 
bilaterally symmetrical. 

For immunohistochemical labeling, we used Hoechst 
33258 to resolve nuclear morphology and to identify cells 
undergoing apoptosis. Double immunofluorescence stain- 



ing with antibodies to neuron-specific nuclear protein NeuN 
performed on tissue taken 24-h after a 2-h period of SE 
confirmed that the majority of cells with apoptosis-like 
nuclear morphology were neurons of CA pyramidal cell 
layers of the hippocampus (Fig. 3A), as well as cells 
throughout rhinal cortex (not shown). No apoptotic-like 
cells were found in the brain sections from sham-operated, 
vehicle-treated animals not experiencing SE (not shown). 

In animals treated with z-DEVD-fmk, in the hemisphere 
ipsilateral to the intracerebroventricular infusion of z- 
DEVD-fmk (see Section 2 for injection schedule), the 
neuronal apoptosis associated with SE was markedly atten- 
uated (Fig. 3B); DNA fragmentation was not significantly 



Hippocampus 



Rhinal cortex 



Ctl+ SE+ SE+ 
Veh V^h D^VD 



Ctl+ SE+ SE+ 
Veh V^h DE=VD 

12 3 4:.Spi 




A side of z-DEVD-fmk infusion 

Fig. 2. DNA fragmentation evaluated 24 h after a 2-h period of SE in rats with and without z-DEVD-fmk (DEVD) treatment (see Section 2 for treatment 
regimen). Genomic DNA was analyzed by agarose gel electrophoresis of tissue extracts obtained from hippocampus and rhinal cortex taken from 
seizure-naive control animals 6 h after the last intraventricular vehicle (DMSO) treatment (see Section 2), (Ctl + Veh, lanes 1 , 2), 24 h after termination of 
SE in rats treated with intraventricular DMSO (SE + Veh, lanes 3, 4), and 24 h after termination of SE in rats treated with intraventricular z-DEVD-fmk 
(SE + DEVD, lanes 5, 6). Odd numbered lanes represent the hemisphere ipsilateral to treatment infusion. Even numbered lanes are from the contralateral 
side. Gel photographs are representative of the other gels run for the same experiment. Note the residual DNA laddering present in hippocampal samples 
and in sample from rhinal cortex contralateral to the injection side taken from rats that were treated with z-DEVD-fmk. Charts below photographs represent 
changes in optical density (OD) of nucleosomal dimer after SE (solid bars) and after SE in the presence of z-DEVD-fmk (gray bars), as compared to 
vehicle-treated controls (white bars). Significant difference ( p < 0.05) between vehicle-treated controls and SE 4- vehicle or SE + z-DEVD-fmk treated 
animals is marked by "* between SE treated and z-DEVD-fmk treated animals marked by "#'*, and between hemispheres within the same treatment 
group, marked by 
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Hoechst 33258 NeuN 




Fig. 3. Effect of z-DEVD-fmk on neuronal apoptosis in CA2 pyramidal cells. SE was induced by administration of kainic acid in (A) vehicle-treated 
(intraventricular DMSO) rats or (B) rats treated with intraventricular z-DEVD-fmk. Cells with apoptosis-like morphology are indicated by arrows. As 
evidenced by the Hoechst 33258 staining, sections obtained from control (saline-treated, seizure-naive) animals exhibited no apoptotic morphology (not 
shown). Many cells exhibited apoptosis-like morphology after SE as demonstrated by nuclear staining with Hoechst 33258 (left panels). The same 
microscopic fields were stained for antineuronal nuclear protein (NeuN) (right panels). Double immunofluorescence revealed that a majority of apoptotic 
calls were neurons. Photographs were taken at 400 X magnification. Note the presence of apoptotic like neurons still present after SE in the presence of 
z-DEVD-fmk. These cells may be responsible for residual DNA fragmentation seen on Fig. 2 (lanes 5, 6), 



above the control level in the hippocampus, and com- 
pletely undetectable in rhinal cortex (Fig. 2A, lanes 5). 
Partial protection was observed in the hemisphere con- 
tralateral to the z-DEVD-fmk infusion (Fig. 2, lanes 6), 
where the optical density indicative of DNA fragmentation 
in hippocampus and in rhinal cortex, was 39% and 51% 



lower, respectively, than the DNA fragmentation in the 
same brain regions of animals exposed to SE without 
z-DEVD-fmk. The extent of DNA fragmentation observed 
in the rhinal cortex homolateral to the z-DEVD-fmk in- 
jected ventricle was significantly less than that on the 
contralateral side. In contrast, there was no significant 
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difference between the DNA fragmentation obtained in the 
hippocampus of the injected hemisphere vs. contralateral 
hemisphere. The z-DEVD-fmk injections did not alter 
seizure severity, latency to seizure onset, or duration of SE 
following administration of kainic acid. 

4. Discussion 

Our results demonstrate that administration of a specific 
caspase-3 inhibitor, z-DEVD-fmk, significantly reduces 
vulnerability to the neuronal cell death that occurs in the 
aftermath of kainic acid-evoked SE. Furthermore, the z- 
DEVD-fmk exposure appears to ameliorate the apoptotic 
component of the neurodegenerative response, as evi- 
denced by a significant reduction in the internucleosomal 
DNA fragmentation and a decreased incidence of apopto- 
sis-like neuronal morphology in hippocampus and rhinal 
cortex. These data suggest that caspase-3 plays a neces- 
sary role in seizure- induced neurodegeneration. 

The molecular and histopathological evidence presented 
here extends previous observations that programmed cell 
death (PCD) participates in the neuronal loss following 
experimental SE, and indicates that caspase-3-like protease 
plays an important role in this process. In the present 
study, the induction of caspase-3 activity following SE was 
evidenced by an increase in the amount of immunoreactive 
catalytic subunit (pi 7) in rhinal cortex and amygdala, brain 
areas that are especially vulnerable to SE-induced neurode- 
generation. These same brain areas exhibited apoptosis-like 
morphological changes accompanied by internucleosomal 
DNA fragmentation. While we do not know the mecha- 
nism by which the cleavage of the caspase-3 precursor is 
initiated following SE, it is conceivable that SE-induced 
glutamate release could be a trigger [5]. Regions resistant 
to SE-evoked neurodegeneration (i.e., parietal cortex and 
striatum) showed no signs of pl7 immunoreactivity fol- 
lowing SE. However, two other areas that exhibit marked 
SE-induced apoptotic neurodegeneration (CA subfields of 
hippocampus and dorsomedial thalamus) (Fig. 3A and Fig. 
2) also showed no signs of caspase-3 activation (Fig. lb). 
Thus, whereas cell death in rhinal cortex and amygdala 
after SE is associated with caspase-3 activation, cell death 
in other areas may depend upon different members of the 
caspase-like preotease family. 

The fact that caspase-3 is activated by prolonged seizure 
activity leads to the question of whether caspase-3 is a 
necessary component of the apoptotic response following 
SE. Consequently, we examined the effect of caspase-3 
inhibition in vivo on the histological and biochemical 
manifestations of apoptosis following SE. Intracerebroven- 
tricular injection of the tetrapeptide inhibitor of caspase-3- 
like proteases, z-DEVD-fmk, significantly decreased the 
intranucleosomal DNA fragmentation and the incidence of 
apoptotic-Iike neuronal morphology following SE. The 
protection was observed to extend to regions (rhinal cor- 



tex) that were located a considerable distance from the 
intracerebroventricular injection site, indicating that the 
inhibition of caspase activity is effective over a several 
millimeter range of drug diffusion. The DMSO vehicle is 
likely to facilitate drug diffusion from the ventricle and 
throughout the brain tissue. However, while equivalent 
protection was observed in the hippocampus of both hemi- 
spheres, the protection observed in rhinal cortex was 
markedly asymmetrical, with the rhinal cortex in the hemi- 
sphere in which the infusions were made showing a signif- 
icantly greater neuroprotective response (Fig. 2) than that 
on the contralateral side. This suggests that the concentra- 
tion of z-DEVD-fmk is less than maximally inhibitory in 
tissues located more than 7 mm away from the intracere- 
broventricular injection site. 

While inhibition of caspase-3 is a plausible explanation 
for the neuroprotective action of z-DEVD-fmk, other re- 
lated proteases may also be inhibited by this agent, z- 
DEVD-fmk was designed to mimic the cleavage site on 
poly(ADP-ribose) polymerase (PARP) [22], which is a 
substrate for caspase-3. However, PARP is also a substrate 
for several caspase-3-related proteases, including caspase-6 
and caspase-7 [11]. Caspase-4 and caspase-2 can also 
cleave PARP, albeit with very high enzyme-substrate ra- 
tios [46]. Thus, we cannot exclude the possibility that the 
protective effect achieved by z-DEVD-fmk is via the 
inhibition of a group of enzymes with caspase-3-like activ- 
ity. In fact, one or more of these enzymes may play a role 
in cell death in hippocampus. Our failure to detect pl7 
immunoreactivity in hippocampus following SE suggests 
that caspase-3 is not the major cysteine protease in this 
region. Nevertheless, z-DEVD-fmk protected against cell 
death in the hippocampus. This apparent inconsistency 
may be explained by an inhibitory action of z-DEVD-fmk 
on enzymes with caspase-3-like activity other than cas- 
pase-3 itself. In contrast, in rhinal cortex, the elevation of 
pl7 immunoreactivity after SE is consistent with caspase-3 
inhibition accounting for the neuroprotective effect of z- 
DEVD-fmk in this area. 

The fact that z-DEVD-fmk is also protective against 
neuronal death associated with other injury models, namely 
traumatic brain injury [43] and transient cerebral ischemia 
[2], indicates that the effect we have observed is not 
specific to the injury model. This is consistent with z- 
DEVD-fmk working via a common mechanism of cell 
death. 

What is the potential mechanism by which the activa- 
tion of caspase-3-like proteases may contribute to SE- 
evoked apoptotic cell death? It has been suggested that the 
activation of caspase-3, followed by cleavage of specific 
substrates, may contribute to the process of apoptosis by a 
combination of changes in signaling molecules and struc- 
tural changes. One early biochemical event that accompa- 
nies apoptosis in many cell types is the caspase-3-mediated 
proteolytic cleavage of nuclear proteins, including PARP 
[25,30] and DNA-dependent protein kinase (DNA-PK) [1]. 
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The significance of cleavage of these proteins in apoptosis 
currently is uncertain, although PARP and DNA-PK are 
involved in DNA repair and protection of fragmented 
DNA [27,35]. At least two important components of the 
cytoskeleton, (3-actin and actin-associated protein a-fodrin, 
also are cleaved during apoptosis by caspase-3-like pro- 
teases. When cleaved by caspase-3, actin loses its ability to 
polymerize and to inhibit DNase I activity [24]. Thus, an 
activation of caspase-3-like enzyme or enzymes may con- 
tribute to both the morphological changes and the DNA 
fragmentation that we have observed to follow SE. 

In summary, we have demonstrated that the occurrence 
of apoptosis in selected brain regions after SE is accompa- 
nied by the induction of caspase-3 activity. Moreover, in 
vivo administration of a specific tetrapeptide inhibitor of 
caspase-3 markedly attenuated the SE-evoked apoptosis in 
rhinal cortex and hippocampus. These results implicate 
caspase-3-like proteases as important agents in the process 
of neuronal apoptosis after SE, and suggest that members 
of the caspase-3-like protease family may regulate neu- 
ronal PCD in a regionally-specific fashion. 



Acknowledgements 

The authors thank IDUN Pharmaceuticals, for supply- 
ing us with the CM1 antibodies. We are especially grateful 
to Dr. Anu Srinivasan for providing the detailed protocol 
that we followed for immunocytochemistry and for her 
expert advice in the execution of the protocol. The authors 
also thank Nguen Lan for assistance with preparation of 
brain sections and Dr. Alexander Yakovlev for reviewing 
the manuscript and providing suggestions. This work was 
supported by NTH grant NS 36035. 



References 

[1] L.A. Casciola-Rosen, G.J. Anhalt, A. Rosen, DNA-dependent pro- 
tein kinase is one of a subset of autoantigens specifically cleaved 
early during apoptosis, J. Exp. Med. 182 (1995) 1625-1634. 

[2] J. Chen, T. Nagayama, K. Jin, R.A. Stetler, R.L. Zhu, S.H. Graham, 
R.P. Simon, Induction of caspase-3-like protease may mediate de- 
layed neuronal death in the hippocampus after transient cerebral 
ischemia, J. Neurosci. 18 (1998) 4914-4928. 

[3] Y. Cheng, M Deshmukh, A. D'Costa, J.A. Demaro, J.M. Gidday, 
A. Shah, Y. Sun, M.F. Jacquin, E.M Johnson, D.M. Holtzman, 
Caspase inhibitor affords neuroprotection with delayed administra- 
tion in a rat model of neonatal hypoxic- ischemic brain injury, J. 
Clin. Invest. 101 (1998) 1992-1999. 

[4] M. Deshmukh, J. Vasilakos, T.L. Deckwerth, P.A. Lampe, B.D. 
Shivers, E.M. Johnson Jr., Genetic and metabolic status of NGF-de- 
prived sympathetic neurons saved by an inhibitor of ICE family 
proteases, J. Cell Biol. 135 (1996) 1341-1354. 

[5] Y. Du, K.R. Bales, R.C. Dodel, E. Hamiiton-Byrd, J.W. Horn, D.L. 
Czilli, L.K. Simmons, B. Ni, S.M. Paul, Activation of a caspase 
3-related cysteine protease is required for glutamate-mediated apop- 
tosis of cultured cerebellar granule neurons, Proc. Natl. Acad. Sci. 
U.S.A. 94(1997) 11657-11662. 



223 

[6] H. Duan, A.M. Chinnaiyan, P.L. Hudson, J.P. Wing, W.W. He, 
V.M. Dixit, ICE-LAP3, a novel mammalian homologue of the 
Caenorhabditis elegans cell death protein Ced-3 is activated during 
Fas- and tumor necrosis factor-induced apoptosis, J. Biol Chem. 
271 (1996) 1621-1625. 

[7] B.A. Eldadah, A.G. Yakovlev, AX Faden, The role of CED-3-re- 
lated cysteine proteases in apoptosis of cerebellar granule cells, J. 
Neurosci. 17 (1997) 6105-61 13. 

[8] C. Faucheu, A. Diu, A.W. Chan, A.M. Blanchet, C. Miossec, F. 
Herve, V. Collard-Dutilleul, Y. Gu, R.A. Aldape, J.A. Lippke, A 
novel human protease similar to the interleukin- 1 beta converting 
enzyme induces apoptosis in transfected cells, EMBO J. 14 (1995) 
1914-1922. 

[9] T. Fernandes-Alnemri, R.C. Armstrong, J. Krebs, S.M. Srinivasula, 
L. Wang, F. Bullrich, L.C. Fritz, J.A. Trapani, K.J. Tomaselli, G. 
Litwack, E.S. Alnemri, In vitro activation of CPP32 and Mch3 by 
Mch4, a novel human apoptotic cysteine protease containing two 
FADD-like domains, Proc. Natl. Acad. Sci. U.S.A. 93 (1996) 7464- 
7469. 

[10] T. Fernandes-Alnemri, G. Litwack, E.S. Alnemri, CPP32, a novel 
human apoptotic protein with homology to Caenorhabditis elegans 
cell death protein Ced-3 and mammalian interleukin- 1 beta- convert- 
ing enzyme, J. Biol Chem. 269 (1994) 30761-30764. 

[11] T. Femandes- Alnemri, G. Litwack, E.S. Alnemri, Mch2, a new 
member of the apoptotic Ced-3/Ice cysteine protease gene family, 
Cancer Res. 55 (1995) 2737-2742. 

[12] T. Fernandes-Alnemri, A. Takahashi, R. Armstrong, J. Krebs, L. 
Fritz, K.J. Tomaselli, L. Wang, Z. Yu, CM. Croce, G. Salveson, 
Mch3, a novel human apoptotic cysteine protease highly related to 
CPP32, Cancer Res. 55 (1995) 6045-6052. 

[13] R.K. Filipkowski, M. Herman, B. Kaminska, L. Kaczmarek, DNA 
fragmentation in rat brain after intraperitoneal administration of 
kainate, NeuroReport 5 (1994) 1538-1540. 

[14] V. Gagliardini, P. A. Fernandez, R.K. Lee, RC. Drexler, R.J. Rotello, 
M.C. Fishman, J. Yuan, Prevention of vertebrate neuronal death by 
the crmA gene, Science 263 (1994) 826-828. 

[15] S.F. Giardina, N.S. Cheung, M.T. Reid, P.M. Beart, Kainate-induced 
apoptosis in cultured murine cerebellar granule cells elevates expres- 
sion of the cell cycle gene cyclin Dl, J. Neurochem. 71 (1998) 
1325-1328. 

[16] F. Gillardon, B. Bottiger, B. Schmitz, M. Zimmermann, K.A. Hoss- 
mann, Activation of CPP-32 protease in hippocampal neurons fol- 
lowing ischemia and epilepsy, Brain Res. Mol. Brain Res. 50 (1997) 
16-22. 

[17] H. Hara, R.M. Friedlander, V. Gagliardini, C. Ayata, K. Fink, Z. 
Huang, M. Shimizu-Sasamata, J. Yuan, M.A. Moskowitz, Inhibition 
of interleukin lbeta converting enzyme family proteases reduces 
ischemic and excitotoxic neuronal damage, Proc. Natl. Acad. Sci. 
U.S.A. 94 (1997) 2007-2012. 

[18] J. Kamens, M. Paskind, M. Hugunin, R.V. Talanian, H. Allen, D. 
Banach, N. Bump, M. Hackett, C.G. Johnston, P. Li, Identification 
and characterization of ICH-2, a novel member of the interleukin- 1 
beta-converting enzyme family of cysteine proteases, J, Biol. Chem. 
270(1995) 15250-15256. 

[19] Y. Kitamura, T. Ota, Y. Matsuoka, M. Okazaki, J. Kakimura, I. 
Tooyama, H. Kimura, S. Shimohama, P.J. Gebicke-Haerter, Y. 
Nomura, T. Taniguchi, Kainic acid-induced neuronal loss and glial 
changes in the hippocampal CA3 of p53-deficient mouse, Neurosci. 
Lett. 255 (1998) 57-60. 

[20] A.D. Kondratyev, N. Sahibzada, K. Gale, An inhibitor of caspase-3 
prevents neuronal cell death following status epilepticus, Epilepsia 
39 (Suppl. 6) (1998) 5. 

[21] K. Kuida, T.F. Haydar, C.Y. Kuan, Y. Gu, C. Taya, H. Karasuyama, 
M.S. Su, P. Rakic, R.A. Flavell, Reduced apoptosis and cytochrome 
c-mediated caspase activation in mice lacking caspase 9, Cell 94 
(1998) 325-337. 

[22] Y.A. Lazebnik, S.H. Kaufmann, S. Desnoyers, G.G. Poirier, W.C 



224 A Kondratyev, K. Gale /Molecular Brain Research 75 (2000) 216-224 



Eamshaw, Cleavage of poly(ADP-ribose) polymerase by a pro- 
teinase with properties like ICE, Nature 371 (1994) 346-347. 

[23] J.A. Lippke, Y. Gu, C. Sarnecki, RR. Caron, M.S. Su, Identification 
and characterization of CPP32/Mch2 homolog I, a novel cysteine 
protease similar to CPP32, J, Biol. Chem. 271 (1996) 1825-1828. 

[24] T. Mashima, M. Naito, N. Fujita, K. Noguchi, T. Tsuruo, Identifica- 
tion of actin as a substrate of ICE and an ICE-like protease and 
involvement of an ICE-like protease but not ICE in VP-16-induced 
U937 apoptosis, Biochem. Biophys. Res. Commun. 217 (1995) 
1185-1192. 

[25] M. Masson, V. Rolli, F. Dantzer, C. Trucco, V. Schreiber, S. 
Fribourg, M. Molinete, A. Ruf, E.A. Miranda, C. Niedergang, 
Poly(ADP-ribose) polymerase: structure-function relationship, 
Biochimie 77 (1995) 456-461. 

[26] C.E. MiMgan, D. Prevette, H. Yaginuma, S. Homma, C. Cardwell, 
L.C. Fritz, K.J. Toraaselli, R.W. Oppenheim, L.M. Schwartz, Pep- 
tide inhibitors of the ICE protease family arrest programmed cell 
death of motoneurons in vivo and in vitro, Neuron 15 (1995) 
385-393. 

[27] V.E. Morozov, M. Falzon, C.W. Anderson, EX. Kuff, DNA-depen- 
dent protein kinase is activated by nicks and larger single-stranded 
gaps, J. Biol. Chem. 269 (1994) 16684-16688. 

[28] N.A. Munday, J.P. Vaillancourt, A. Ali, F.J. Casano, D.K. Miller, 
S.M. Molineaux, T.T. Yamin, V.L. Yu, D.W. Nicholson, Molecular 
cloning and pro-apoptotic activity of ICErelll and ICErellH, mem- 
bers of the ICE/CED-3 family of cysteine proteases, J. Biol. Chem. 
270(1995) 15870-15876. 

[29] M. Muzio, A.M. Chinnaiyan, F.C. Kischkel, K. O'Rourke, A. 
Shevchenko, J. Ni, C. Scaffidi, J.D. Bretz, M. Zhang, R. Gentz, M. 
Mann, P.H. Krammer, M.E. Peter, V.M. Dixit, FLICE, a novel 
FADD-homologous ICE/CED-3-like protease, is recruited to the 
CD95 (Fas/APO-1) death- inducing signaling complex, Cell 85 
(1996) 817-827. 

[30] D.W. Nicholson, A. Ali, N.A. Thomberry, J.P. Vaillancourt, C.K. 
Ding, M. Gallant, Y. Gareau, P.R. Griffin, M. Labelle, Y.A. Lazeb- 
nik, Identification and inhibition of the ICE/CED-3 protease neces- 
sary for mammalian apoptosis, Nature 376 (1995) 37-43. 

[31] A.G. Porter, R.U. Janicke, Emerging roles of caspase-3 in apoptosis, 
Cell Death. Differ. 6 (1999) 99-104. 

[32] S. Sakhi, A. Bruce, N. Sun, G. Tocco, M. Baudry, S.S. Schreiber, 
p53 induction is associated with neuronal damage in the central 
nervous system, Proc. Natl. Acad. Sci. U.S.A. 91 (1994) 7525-7529. 

[33] S. Sakhi, N. Sun, L.L. Wing, P. Mehta, S.S. Schreiber, Nuclear 
accumulation of p53 protein following kainic acid-induced seizures, 
NeuroReport 7 (1996) 493-496. 



[34] R. Sankar, D.H. Shin, H. Liu, A. Mazarati, D. Pereira, V.C.G. 
Wasterlain, Patterns of status epilepticus-induced neuronal injury 
during development and long-term consequences, J. Neurosci. 18 
(1998) 8382-8393. 

[35] M.S. Satoh, T. Lindahl, Role of poly(ADP-ribose) formation in 
DNA repair, Nature 356 (1992) 356-358. 

[36] J.B. Schulz, M. Weller, T. Klockgether, Potassium deprivation-in- 
duced apoptosis of cerebellar granule neurons: a sequential require- 
ment for new mRNA and protein synthesis, ICE-like protease activ- 
ity, and reactive oxygen species, J. Neurosci. 16 (1996) 4696-4706. 

[37] J.E. Schwob, T. Fuller, J.L. Price, J.W. Olney, Widespread patterns 
of neuronal damage following systemic or intracerebral injections of 
kainic acid: a histological study, Neuroscience 5 (1980) 991-1014. 

[38] G. Sperk, H. Lassmann, H. Baran, S.J. Kish, F. Seitelberger, O. 
Homykiewicz, Kainic acid induced seizures: neurochemical and 
histopathological changes, Neuroscience 10 (1983) 1301-1315. 

[39] J.E. Springer, R.D. Azbill, P.E. Knapp, Activation of the caspase-3 
apoptotic cascade in traumatic spinal cord injury, Nat. Med. 5 (1999) 
943-946. 

[40] A. Srinivasan, L.M. Foster, M.P. Testa, T. Ord, R.W. Keane, D.E. 
Bredesen, C. Kayalar, Bcl-2 expression in neural cells blocks activa- 
tion of ICE/CED-3 family proteases during apoptosis, J. Neurosci. 
16(1996)5654-5660. 

[41] A. Srinivasan, K.A. Roth, R.O. Sayers, K.S. Shindler, A.M. Wong, 
L.C. Fritz, K.J. Tomaselli, In situ immunodetection of activated 
caspase-3 in apoptotic neurons in the developing nervous system, 
CeU Death. Differ. 5 (1998) 1004-1016. 

[42] L. Wang, M. Miura, L. Bergeron, H. Zhu, J. Yuan, Ich-1, an 
Ice/ced-3-reIated gene, encodes both positive and negative regula- 
tors of programmed cell death, Cell 78 (1994) 739-750. 

[43] A.G. Yakovlev, S.M. Knoblach, L. Fan, G.B. Fox, R. Goodnight, 
A.I. Faden, Activation of CPP32-like caspases contributes to neu- 
ronal apoptosis and neurological dysfunction after traumatic brain 
injury, J. Neurosci. 17 (1997) 7415-7424. 

[44] D.D. Yang, CY. Kuan, A.J. Whitmarsh, M. Rincon, T.S. Zheng, 
RJ. Davis, P. Rakic, R.A. Flavell, Absence of excitotoxicity-in- 
duced apoptosis in the hippocampus of mice lacking the Jnk3 gene, 
Nature 389 (1997) 865-870. 

[45] J. Yuan, S. Shaham, S. Ledoux, H.M. Ellis, H.R. Horvitz, The C. 
elegans cell death gene ced-3 encodes a protein similar to mam- 
malian interleukin-1 beta-converting enzyme, Cell 75 (1993) 641- 
652. 

[46] B. Zhivotovsky, D.H. Burgess, S. Orrenius, Proteases in apoptosis, 
Experientia 52 (1996) 968-978. 



Journal of Neurochemistry 

Lippincott Williams & Wilkins, Inc., Philadelphia 

© 2000 International Society for Neurochemistry 



Involvement of Caspase-3-Like Protease in the Mechanism of 
Cell Death Following Focally Evoked Limbic Seizures 

David C. Henshall, Jun Chen, and Roger P. Simon 

Department of Neurology, University of Pittsburgh, Pittsburgh, Pennsylvania, U.S.A. 



Abstract The cysteine protease caspase-3 may be in- 
volved in the mechanism of cell death following seizures. 
Using a rat model of focally evoked limbic epilepsy with 
continuous electroencephalography monitoring, we in- 
vestigated seizure-induced changes in caspase-3 protein 
expression and processing, enzyme activity, and the in 
vivo effect of caspase-3 inhibition. Seizures were induced 
by intraamygdaloid injection of kainic acid (0.1 /ig) and 
were terminated after 45 min by diazepam (30 mg/kg) 
administration. Animals were killed 0-72 h following di- 
azepam administration. Levels of the 32-kDa proenzyme 
form of caspase-3 were unaffected by seizures. Levels of 
the 17-kDa cleaved (active) fragment of caspase-3 were 
almost undetectable in control brain, but were increased 
significantly at 4 and 24 h within ipsilateral hippocampus 
and cortex in seizure animals. Caspase-3-like protease 
activity was increased within the ipsilateral hippocampus 
at 8 and 24 h following seizures. Caspase-3 immunore- 
activity was increased within the vulnerable ipsilateral 
CA3/CA4 subfield at 24 and 72 h following seizures and 
was associated predominantly, but not exclusively, with 
neurons exhibiting DNA fragmentation. The putatively 
selective caspase-3 inhibitor A/-benzyloxycarbonyl- 
Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-fluoromethyl ketone 
significantly improved neuronal survival bilaterally within 
the hippocampal CA3/CA4 subfields following seizures. 
Collectively, these data suggest that caspase-3 may play 
a significant role in the mechanism by which neurons die 
following seizures. Key Words: Caspase-3 — Seizure— 
Kainic acid— DNA fragmentation— z-DEVD-fmk. 
J. Neurochem. 74, 1215-1223 (2000). 



The caspase family of cell death effector proteases 
may have pivotal roles in the execution of neuronal death 
in many neurological diseases (Thornberry and Lazeb- 
nik, 1998; Schulz et al. s 1999). Of the 14 identified 
members (Van de Craen et al., 1998), caspase-3 (CPP32/ 
Yama/Apopain) has been shown to mediate cell death in 
a large number of biological systems (Fernandes-Al- 
nemri et al., 1994; Nicholson et al. } 1995; Tewari et al., 
1995), in experimental models of ischemia (Chen et al., 
1998; Namura et al., 1998), and in human traumatic brain 
injury (Clark et al., 1999). Caspase-3 is expressed as a 
32-kDa proenzyme, which is cleaved to form 17- and 
12-kDa fragments (Fernandes-Alnemri et al., 1994; Ni- 



cholson et al., 1995). Activated caspase-3 has been 
shown to cleave a number of targets, including poly- 
(ADP-ribose) polymerase (PARP) (Nicholson et al., 
1995) and the caspase-activated DNase/inhibitor com- 
plex (CAD/ICAD) (Enari et al., 1998). A number of 
pathways have been identified by which caspase-3 acti- 
vation occurs, including caspase-8- and caspase-9-de- 
pendent cleavage (Enari et al., 1996; Kuida et al., 1998; 
Slee et al., 1999). Caspase-9 activation occurs following 
formation of a complex with Apaf-1 and mitochondrial- 
released cytochrome c (Zou et al., 1997; Slee et al., 
1999), and deletion of caspase-9 inhibits caspase-3 acti- 
vation and apoptosis (Kuida et al., 1998). However, 
activation of caspase-8 may also be promoted by cyto- 
chrome c release (Kuwana et al., 1998). 

Recent studies have implied a role for cell death reg- 
ulatory genes in the mechanism by which seizures induce 
cell death. Following experimental seizures, the cell 
death inhibitory protein Bcl-2 was down-regulated 
within injured cell populations (Gillardon et al., 1995), 
whereas the cell death effector protein Bax may be 
increased in vulnerable regions (Gillardon et al., 1995; 
Zhang et al., 1998). The involvement of the caspase cell 
death pathway in seizure- induced brain injury was sug- 
gested recently by observations that systemically admin- 
istered kainic acid (KA) increased caspase-3 mRNA, 
protein expression, and caspase-3-like enzyme activity 
(Gillardon et al., 1997; Faherty et al., 1999). However, 
the use of systemically administered excitotoxins to elicit 
seizures may confound separation of injury arising from 
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seizure activity from the direct neurotoxic actions of 
such agents. In addition, identification and quantification 
of the electrographic events responsible for seizure- in- 
duced recruitment of caspase-3 remain unexplored. 

Presently, we have used a model of focally evoked 
limbic seizures induced by intraamygdaloid injection of 
KA with continuous electroencephalography (EEG) 
monitoring and seizure quantification to address the role 
of caspase-3 in cell death resulting from experimental 
seizures. Our data strongly support the involvement of 
caspase-3 as a pivotal enzyme in the response of the 
brain to seizures and the execution of seizure-induced 
cell death. 

MATERIALS AND METHODS 

Seizure model 

All animal procedures were performed in accordance with 
protocols approved by the Animal Care Committee of the 
University of Pittsburgh and in accordance with the principles 
outlined in the National Institutes of Health Guide for the Care 
and Use of Laboratory Animals. All studies were performed on 
male Sprague-Dawley rats (Harlan) within the weight range 
280-350 g, which were allowed access to food and water ad 
libitum. Animals were anesthetized with 4% isoflurane, then 
intubated, and ventilated with a mixture containing 68.5% N 2 0, 
30% 0 2 , and 1.5% isoflurane. A catheter was inserted into the 
right femoral vein for drug administration, and the animal was 
then placed in a stereotaxic frame and maintained normother- 
mic (37 ± 1°C) by means of a thermostatically controlled 
heating pad (Harvard Instruments, Holliston, MA, U.SA.). 
Following a midline incision, a craniotomy (1-mm diameter) 
was performed (coordinates relative to bregma: AP = -2.8 
mm; L = -4.0 mm) (Paxinos and Watson, 1997) and a 
26-gauge steel guide cannula held in position over the surface 
of the dura. Additional burr holes were drilled to accommodate 
a securing screw and three recording electrodes with mounting 
screws (Plastics One Inc., Roanoke, VA, U.S.A.). Electrodes 
were skull-mounted over both hippocampi and over frontal 
cortex. The electrode-cannula assembly was then secured in 
place using dental cement, and animals were removed from the 
frame, extubated, and placed in a restraining chamber (restrain- 
ing height, 50.8 mm; length, 150 mm; Harvard Instruments). A 
connector cable (Plastics One) was then attached to the elec- 
trode sockets and baseline EEG recordings made (Grass model 
8-16; Grass Instruments Co., Quincy, MA, U.SA.). A 31- 
gauge cannula (Plastics One) was then inserted into the guide 
and lowered 7.8 mm below the dura to enable intraamygdaloid 
injection of KA (0.1 /ig) or vehicle [phosphate-buffered saline 
(PBS), pH 7.4] in a 0.5-/xl volume into the right amygdala. 
EEG monitoring continued until diazepam (30 mg/kg) was 
administered intravenously 45 min following K A/vehicle in- 
jection to terminate seizures. The EEG was monitored for 1 h 
following diazepam to confirm seizure cessation. During re- 
covery, animals were placed in an incubator to maintain nor- 
mothermia. 

EEG records were analyzed by an observer blinded to treat- 
ment, and the duration of four identifiable EEG patterns in this 
model was quantified as previously described (Henshall et al., 
1999). Type I activity was designated baseline, type II com- 
prised ictal fast activity, type III was high-voltage spikes of 
<1-Hz frequency over type II background, and type IV sei- 
zures were high- voltage, high-frequency poly spike paroxysmal 
discharges. 



Western blotting 

Animals were killed 4 or 24 h following administration of 
diazepam in seizure or control animals, and the entire ipsilateral 
hippocampus and pirifom cortex were quickly dissected free. 
Pooled brain samples (n = 3 per group) were homogenized and 
lysed in buffer containing 0.1 Af NaCl, 0.01 Af Tris, 0.1 mAf 
EDTA, and the protease inhibitors phenyl methyl sulfonyl fluo- 
ride (PMSF; 100 /xg/ml) and aprotinin. Samples were then 
centrifuged at 14,000 rpm for 30 min at 4°C. Protein concen- 
tration was determined spectrophotometrically at A 280 nm, and 
samples (50 fig) were then denatured in gel-loading buffer 
containing 4% sodium dodecyl sulfate (SDS), 100 mAf Tris- 
HC1, 200 mM dithiothreitol, 0.2% bromphenol blue, and 20% 
glycerol at 100°C for 6 min and then separated on a 15% 
SDS-polyacrylamide gel. Proteins were transferred to polyvi- 
nylidene difluoride membranes (Bio-Rad) and then incubated 
with a polyclonal antibody against caspase-3, which has been 
shown previously to detect both 32- and 17-kDa fragments 
[dilution 1:750; Biosynthesis, Dallas, TX, U.S.A. (Chen et al., 
1998)]. Membranes were then incubated with a secondary 
antibody (1:3,000 dilution) followed by chemiluminescence 
detection (NEN Life Science Products, Boston, MA, U.S.A.), 
and then exposed to Fuji RX film (Fuji, Tokyo, Japan). 

Cytochrome c translocation 

Animals were killed 0, 2, 4, 8, or 24 h following seizure 
termination by diazepam or 0 h following diazepam in control 
animals. The ipsilateral hippocampus was dissected free for 
isolation of mitochondrial and cytoplasmic protein fractions as 
previously described (Sun and Gilboe, 1994), with modifica- 
tions. Pooled brain samples were homogenized in an extraction 
buffer containing 0.21 Af mannitol, 0.07 Af sucrose, 10 mAf 
HEPES (pH 7.4), 1 mAf EDTA, 0.15 mAf spermine, 0.75 mM 
spermidine, and the protease inhibitors dithiothreitol (1 mAf), 
PMSF (1 mAf), leupeptin (1 ptg/ml), and pepstatin (1 tigfml) at 
4°C. After lysis for 30 min, samples were centrifuged at 1,200 g 
for 25 min. The supernatant was then centrifuged at 10,000 g 
for 15 min, and the supernatant containing the cytoplasmic 
fraction was removed. The pellet containing the mitochondrial 
fraction was added to a solution containing 3% Ficoll 400, 0.12 
Af mannitol, 0.03 Af sucrose, and 25 EDTA (pH 7.4), and 
gently layered twice in 6% Ficoll 400 solution to produce a 
discontinuous density gradient. The fraction was then centri- 
fuged at 10,500 g for 25 min and the sediment resuspended in 
the lysis buffer containing 10 mAf HEPES (pH 7.4), 142.5 mAf 
KC1, 5 mAf MgCl 2 , 1 mAf EGTA, 0.5% Nonidet P-40, 0.5 mAf 
PMSF, 10 /Ag/ml aprotinin, and 1 /Ag/ml each of leupeptin, 
chymostatin, antipain, and pepstatin. Samples were then soni- 
cated and the solution centrifuged at 130,000 g for 1 h to obtain 
the mitochondrial fraction. Cytoplasmic and mitochondrial 
fractions were run on 15% SDS-polyacrylamide gels using the 
previously described western blotting protocol, and membranes 
were probed with an antibody to cytochrome c (Pharmingen, 
San Diego, CA, U.S.A.). 

Caspase-3-like protease activity 

Assay of caspase-3 -like protease activity was performed 
according to previously described techniques (Nicholson et al., 
1995; Chen et al., 1998) with modifications. In brief, ipsilateral 
and contralateral hippocampus and piriform cortex were ob- 
tained from animals killed 4, 8, 24, or 72 h following diazepam 
or after 24 h for control animals. Protein was extracted in lysis 
buffer containing 25 mAf HEPES, 5 mAf EDTA, 1 mAf EGTA, 
5 mAf MgCl 2 , 5 mAf dithiothreitol, and 10 /ug/ml each of 
pepstatin, leupeptin, and PMSF (Sigma, St. Louis, MO, 
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U.S.A.). Lysates were then centrifuged at 1,500 g for 10 min, 
and the supernatant was extracted and assayed for activity. 
Samples (100 fxg) of the extracted protein were incubated with 
the reaction buffer (25 mM HEPES, 10% sucrose, 0.1% 3- 
[(3-cholamidopropyl)dimethylamrnonio]- 1 -propane sulfonate, 
5 mM dithiothreitol, and 5 mM EDTA) to 200-jil volume 
containing 25 \iM acetyl-Asp-GIu-Val-Asp-p-nitroanilide (Ac- 
DEVD-pNa) (Biomol, Plymouth Meeting, PA, U.S.A.). En- 
zyme-catalyzed release of /?-nitroanilide was measured at 405 
nm using a microtiter plate reader (Molecular Devices, Palo 
Alto, CA, U.S.A.). Activity was expressed as the fold change 
over control once corrected for baseline. The protease inhibitor 
DEVD- aldehyde (5 \xM; Biomol) was incubated with alternate 
samples to determine nonspecific activity. 

DNA fragmentation 

Detection of DNA fragmentation was performed using the 
terminal deoxynucleotidyl transferase-mediated dUTP nick 
end-labeling (TUNEL) technique as previously described 
(Chen et al., 1998) with modifications. In brief, fresh frozen 
sections from animals killed 24 and 72 h following diazepam 
were air-dried (15 min) and then postflxed in 10% formalin (15 
min) followed by ethanol/acetic acid (1:2, vol/vol) for 10 min. 
Sections were washed twice in PBS and then permeabilized 
with 3% Triton X-100 for 20 min followed by immersion in 3% 
hydrogen peroxide for 15 min. Sections were then incubated in 
an equilibration buffer for 20 min containing the following: 200 
mM potassium cacodylate (pH 7.2), 4 mM potassium chloride, 
and 1 mM 2-mercaptoethanol. Sections were then transferred to 
a mixture containing, in addition, 30 {xM biotin-16-dUTP 
(Boehringer Mannheim Corp., Indianapolis, IN, U.S.A.) and 
300 U/ml TdT (GibcoBRL) for 90 min at 37°C and washed 
four times in PBS. Sections were then incubated with fluores- 
cin-D avidin (Vector Laboratories, Burlingame, CA, U.S.A.). 
Positive control sections were incubated with 200 U/ml DNase 
I for 5 min before fixation. Negative control sections underwent 
the same procedure, but TdT was omitted from the reaction 
buffer to assess nonspecific labeling. 

Immunocytochemistry 

Sections previously stained for DNA fragmentation using 
the TUNEL protocol were preblocked in 2% goat serum and 
then incubated for 2 h at 37°C in a 1:250 dilution of the 
polyclonal caspase-3 antibody. Sections were then washed 
three times in PBS and incubated for 2 h at 37°C in a 1:500 
dilution of goat anti-rabbit Cy3.18 immunoconjugate (Jackson 
Immunoresearch, West Grove, PA, U.S.A.). Sections were 
subsequently washed, mounted in Gelvatol, and coverslipped. 
In additional sections, the primary antibody was omitted to 
assess nonspecific binding. A Zeiss microscope equipped for 
epifluorescent illumination was used for examining TUNEL 
labeling and caspase-3 immunoreactivity under excitation/ 
emission wavelengths of 495/515 nm (green-yellow) and 550/ 
565 nm (red), respectively. Images were collected using a 
Xillix digital camera and analyzed using an MCID system (St. 
Catharines, Ontario, Canada, U.S.A.). 

Effect of the caspase-3 inhibitor on seizure-induced 
cell death 

To examine the effects of caspase-3 inhibition in vivo, 
additional animals received intracerebroventricular (i.c.v.) ad- 
ministration of the putatively selective caspase-3 inhibitor N- 
benzyloxycarbonyl-Asp(OMe)-Glu(OMe)-Val-Asp(OMe)- 
fluoromethyl ketone (z-DEVD-fmk) (Enzyme Systems Prod- 
ucts, Livermore, CA, U.S.A.). Animals (n = 8 per treatment) 



were implanted with a cannula (coordinates from bregma: AP 
= —0.8 mm; L = - 1.4 mm) to allow i.c.v. infusion (Harvard 
pump) of 4.5 jLig of z-DEVD-fmk at a rate of 0.75 /jtg/min 
(Chen et al., 1998). Infusions were performed 30 min before 
KA administration and 1 and 24 h after diazepam. Animals 
were killed 72 h following diazepam by chloral hydrate over- 
dose (400 mg/kg). Animals were then perfused transcardially 
with 100 ml of heparinized saline followed by 400 ml of 4% 
paraformaldehyde (PFA) in PBS (pH 7.4). Brains were then 
excised, placed in 4% PFA in PBS for 2-3 days, then cut into 
2-mm slices using a brain matrix, and processed for paraffin 
embedding according to standard techniques. Ten-micrometer 
sections were cut on a microtome and stained with 0.1% cresyl 
violet. Assessment of seizure-induced brain injury within the 
selectively vulnerable hippocampus was performed bilaterally 
at the level of bregma -3.6 mm according to anatomical 
locations defined in a rat brain atlas (Paxinos and Watson, 
1997). CA3/CA4 cell counts were performed by an observer 
blinded to treatment, using grid morpho metric techniques under 
low- and high-power magnification fields (Henshall et al., 
1999). Surviving neurons exhibiting normal morphology 
within the anatomically defined field of interest were included 
in counts, whereas shrunken and rounded or irregularly shaped 
neurons were omitted. Results were compared with cell counts 
in sham-operated animals. 

Statistical analysis 

Data are shown as mean ± SEM values. Changes in 
caspase-3 protease activity and the effects of z-DEVD-fmk 
were compared by ANOVA with post hoc Fisher's PLSD test. 
A value of p < 0.05 was considered significant. 

RESULTS 

EEG 

Four patterns of EEG activity previously defined in 
this model (Henshall et al., 1999) were quantified in all 
studies. All types of seizure activity were detected bilat- 
erally. In the present studies, type II ictal fast activity 
preceded all other seizure activity without exception and 
typically began 2-10 min following KA injection. Type 
HI high-voltage spikes over ictal fast background oc- 
curred over brief periods, often following type IV activ- 
ity. Type IV high-voltage, high-frequency paroxysmal 
discharges, which are responsible for injury in this model 
(Henshall et al., 1999), typically occurred in defined 
bursts of 10-100-s duration. Administration of diazepam 
terminated all seizure activity, although low-level type II 
EEG persisted in some cases. The duration of injurious 
type IV epileptiform activity in KA- injected groups at 
each time point and for each study was equivalent. 

Expression and processing of caspase-3 following 
seizures 

The 32-kDa proenzyme form of caspase-3 was de- 
tected in both hippocampal and cortical samples from 
control and seizure brain (Fig. 1A). Seizures induced by 
intraamygdaloid KA injection did not alter levels of the 
32-kDa form of caspase-3 in any brain region. In con- 
trast, the 17-kDa cleaved fragment of caspase-3 was 
detected in both ipsilateral hippocampus and cortex at 4 
and 24 h following seizures (Fig. 1A). The 17-kDa 
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FIG. 1. Caspase-3 protein ex- 
pression and cytochrome c trans- 
location following seizures. A: 
Representative western blot 
showing 32- and 1 7-kDa (cleaved) 
bands of caspase-3, in control 
hippocampus at 4 h (lane 1), sei- 
zure hippocampus at 4 h (lane 2), 
control cortex at 4 h (lane 3), sei- 
zure cortex at 4 h (lane 4), control 
hippocampus at 24 h (lane 5), sei- 
zure hippocampus at 24 h (lane 6), 
control cortex at 24 h (lane 7), and 
seizure hippocampus at 24 h (lane 
8). Data represent pooled samples 
(n = 3 per lane). B: Detection of 

cytochrome c within hippocampal mitochondrial fractions from 
control brain at 0 h (lane 1) and after 0 h (lane 2), 2 h (lane 3), 4 h 
(lane 4), 8 h (lane 5), and 24 h (lane 6) in seizure brain. Data 
represent pooled samples (n = 2 per lane). C: Detection of cyto- 
chrome c within hippocampal cytoplasmic fractions from control 
brain at 0 h (lane 1) and after 0 h (lane 2), 2 h (lane 3), 4 h (lane 4), 
8 h (lane 5), and 24 h (lane 6) in seizure brain. Data represent pooled 
samples (n = 2 per lane). 



fragment was not found in control brain regions at either 
4 or 24 h (Fig. 1A). 

Seizure-induced translocation of cytochrome c 

Cytochrome c was detected within all mitochondrial 
fractions from hippocampal samples (Fig. IB) from con- 
trol (lane 1) and seizure brain (lanes 2-6) samples, and 
levels were relatively unaffected by seizures. In contrast, 
cytochrome c was almost undetectable in cytoplasmic 
extracts from control animals (lane 1) and immediately 
following seizures (lane 2), but was increased in brain 
samples from rats killed 2-24 h following seizures (lanes 
3-6) (Fig. 1C). 

Seizure-induced increase in caspase-3-like protease 
activity 

Caspase-3-like protease activity was increased signif- 
icantly within the ipsilateral hippocampus at 8 and 24 h 
and declined thereafter (Fig. 2A). In contrast, there was 
little change in enzyme activity within the contralateral 
hippocampus (Fig. 2B) or bilaterally within cortical brain 
samples. 



C localization of DNA fragmentation and caspase-3 
immunoreactivity 

Treatment of brain sections with DNase I induced 
widespread TUNEL-positive staining throughout brain 
sections (Fig. 3A). TUNEL-positive staining was almost 
undetectable in brain sections from vehicle-injected con- 
trol animals within the selectively vulnerable ipsilateral 
CA3/CA4 (Fig. 3B). Figure 3C is a representative mi- 
crograph showing caspase-3 immunoreactivity within 
the ipsilateral CA3/CA4 subfield of a vehicle-injected 
control animal at 72 h. In contrast, large numbers of 
TUNEL-positive neurons were found within the ipsilat- 
eral CA3/CA4 subfield of the hippocampus 24 h follow- 
ing diazepam in animals subject to KA-induced seizures 
(Fig 3D), increasing further at 72 h following seizures 
(Fig. 3G). TUNEL-positive cells were not detected in 
other brain regions (data not shown), although small 
numbers were consistently present surrounding the can- 
nula injection site within the ipsilateral amygdala. 
Caspase-3 immunoreactivity was markedly increased 
within the ipsilateral CA3/CA4 24 h after seizures (Fig. 
3E) and further increased at 72 h (Fig. 3H). Caspase-3 
immunoreactivity remained very low outside the ipsilat- 
eral CA3/CA4 in seizure animals at all time points ex- 
amined. Figure 3F is an image overlay of Fig. 3D and E 
showing the marked colocalization of caspase-3 immu- 
noreactivity and DNA fragmentation within ipsilateral 
CA3/CA4 neurons 24 h following seizures. Colocaliza- 
tion of DNA fragmentation and caspase-3 immunoreac- 
tivity was even more prominent 72 h following seizures 
(Fig. 31). Figure 3J shows a high-power magnification of 
TUNEL-positive neurons within the ipsilateral CA3/ 
CA4 72 h following seizures, showing the mainly nu- 
clear location of DNA fragmentation. Figure 3K shows 
corresponding caspase-3 immunoreactivity in the same 
neurons, showing the predominantly nuclear location of 
caspase-3 in these neurons as well as some cytoplasmic 
localization. Figure 3L is an image overlay of TUNEL- 
positive and caspase-3 immunoreactive neurons within 
the same field, demonstrating the colocalization of 
DNA fragmentation with caspase-3 protein following 
seizures. 
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FIG. 2. Caspase-3-like protease activity fol- 
lowing seizures. Quantification of changes 
in caspase-3-like protease activity within 
hippocampal and cortical extracts is shown. 
A: Ipsilateral caspase-3-like activity in con- 
trol brain (Con) or 4, 8, 24, or 72 h following 
seizures. B: Contralateral caspase-3- 1 ike 
protease activity in control brain at 24 h or 4, 
8, 24, or 72 h following seizures. Data are 
shown as means ± SEM. Changes in en- 
zyme activity are expressed as fold change 
versus control for n = 3-4 per group. *p 
< 0.05, one-way ANOVA with post hoc 
Fisher's PLSD test. 
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FIG. 3. Immunofluorescent images of caspase-3 protein (C, E, H, and K) and DNA fragmentation (D, G, and J) following seizures. A: 
TUNEL-positive labeling within the piriform cortex following treatment of sections with the DNA-damaging enzyme DNase I. B: TUNEL 
labeling of DNA fragmentation within the CA3 subfield of the ipsilateral hippocampus from control brain at 72 h. C: Caspase-3 
immunoreactivity within corresponding control CA3 subfield. D: TUNEL labeling within ipsilateral CA3 subfield 24 h following seizures 
showing emergence of DNA fragmentation. E: Caspase-3 immunoreactivity within corresponding CA3 subfield 24 h following seizures. 
F: Image overlay of D and E showing colocalization of DNA fragmentation with caspase-3 immunoreactivity. G: TUNEL labeling within 
ipsilateral CA3 subfield 72 h following seizures showing extensive DNA fragmentation. H: Caspase-3 immunoreactivity within the 
corresponding CA3 subfield 72 h following seizures. I: Image overlay of G and H showing colocalization of DNA fragmentation with 
caspase-3 immunoreactivity. J: High-power magnification of TUNEL-positive CA3 pyramidal neurons 72 h following seizures. K: 
Corresponding high-power image of caspase-3 labeling of CA3 neurons within the same field. L: High-power overlay image of J and K, 
showing colocalization of TUNEL labeling and caspase-3 immunoreactivity within CA3 neurons 72 h following seizures. Note predom- 
inantly nuclear localization of caspase-3 immunoreactivity. Arrowheads indicate examples of neurons exhibiting TUNEL and caspase-3 
labeling. Scale bar = 40 /im. 



Neur protective effects of the caspase-3 inhibitor 
z-BEVD-fmk in vivo 

The duration of injurious type IV seizure activity in 
animals subject to KA-induced seizures was equivalent 
between animals receiving z-DEVD-fmk (359 ± 64 s) 



and those receiving i.c.v. vehicle (352 ± 46 s). Repre- 
sentative low- and high-power field micrographs show- 
ing the widespread loss of neurons within the CA3/CA4 
subfields of the ipsilateral hippocampus from an animal 
subject to KA-induced seizures with i.c.v. administration 
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FIG. 4. In vivo effects of the caspase-3 
inhibitor z-DEVD-fmk on seizure-in- 
duced cell death. Animals received i.c.v. 
infusion of vehicle or z-DEVD-fmk 30 min 
before KA-induced seizures and 1 and 
24 h following diazepam and were killed 
after 72 h. A: Low-power micrograph 
showing seizure-induced injury within 
the ipsiiateral hippocampus from an an- 
imal that received i.c.v. vehicle. The box 
indicates high-power micrograph field. 
B: Corresponding high-power field 
showing large loss of ipsiiateral CA3 py- 
ramidal neurons in animals subject to 
seizures that received infusion of vehi- 
cle. C: Low-power micrograph showing 
representative ipsiiateral hippocampus 
from an animal that received z-DEVD- 
fmk. The box indicates site of high- 
power micrograph. D: High-power field 
showing increased survival of pyramidal 
neurons within the CA3 subfield from an 
animal that received z-DEVD-fmk. E: 
Quantification of CA3/CA4 survival 
within the ipsiiateral hippocampus in 
sham-operated animals (left column) or 
following seizures in animals that re- 
ceived infusion of vehicle (middle col- 
umn) or z-DEVD-fmk (right column). 
Numbers of CA3/CA4 neurons were re- 
duced significantly in animals that un- 
derwent seizures and received vehicle. 
Numbers of CA3/CA4 neurons were also 
reduced in the z-DEVD-fmk treatment 
group compared with sham, but were 
significantly higher than in the vehicle 
group. F: Quantification of CA3/CA4 sur- 
vival within the contralateral hippocam- 
pus in sham-operated animals (left col- 
umn) or following seizures in animals that received infusion of vehicle (middle column) or z-DEVD-fmk (right column). Numbers of 
CA3/CA4 neurons were reduced significantly in animals that underwent seizures and received vehicle compared with sham. Numbers 
of CA3/CA4 neurons were also reduced in the z-DEVD-fmk treatment group compared with sham, but were significantly higher than in 
the vehicle group. Data are shown as means ± SEM for n = 8 animals per group and were analyzed by one-way ANOVA with post hoc 
Fisher's PLSD test. 
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of vehicle are shown in Fig. 4A and B. Figure 4C is a 
low-power field micrograph from an animal that received 
i.c.v. administration of z-DEVD-fmk, illustrating the im- 
proved survival of neurons within the CA3/CA4 area. 
Figure 4D shows a high-power field from the CA3 sub- 
field of the same animal. 

Quantification of CA3/CA4 neuron survival 72 h fol- 
lowing KA-induced seizures with or without administra- 
tion of z-DEVD-fmk (4.5 fig) is shown in Fig. 4E and F. 
The number of ipsiiateral CA3/CA4 neurons was signif- 
icantly reduced by 44% (range 4-67%; p < 0.001) in 
z-DEVD-fmk-treated (n = 8) and by 67% (range 51- 
85%; p < 0.0001) in i.c.v. vehicle-treated (n = 8) seizure 
animals compared with sham-operated controls. Num- 
bers of contralateral CA3/CA4 neurons were signifi- 
cantly reduced by 8% (range 0-19%; p < 0.05) in 
z-DEVD-fmk-treated (n = 8) and by 25% (range 
9-38%; p < 0.0001) in i.c.v. vehicle-treated (n = 8) 
seizure animals compared with sham-operated controls. 
Comparison of CA3/CA4 cell counts between seizure 
animals that received either z-DEVD-fmk or vehicle 



determined that neuron survival was improved by 23% 
within ipsiiateral CA3/CA4 (p < 0.05) and 17% within 
contralateral CA3/CA4 (p < 0.01) in z-DEVD-fmk- 
treated animals over animals that received vehicle. 

DISCUSSION 

The present studies suggest that neuronal death fol- 
lowing focally evoked limbic seizures may involve the 
activation of the cysteine protease caspase-3. Activation 
of caspase-3 was determined by detection of the cleaved 
17-kDa fragment of caspase-3 and an increase in 
caspase-3-like enzymatic activity within vulnerable brain 
regions. We also detected translocation of the mitochon- 
drial enzyme cytochrome c to the cytoplasm, an impor- 
tant upstream activator of the caspase cascade. Caspase- 
3-like immunoreactivity was increased within the selec- 
tively vulnerable CA3/CA4 subfield of the hippocampus 
24-72 h following seizures, and was predominantly co- 
localized with DNA fragmentation within the nucleus. 
Finally, inhibition of caspase-3 in vivo by the putatively 
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selective inhibitor z-DEVD-fmk reduced neuronal death 
within the selectively vulnerable CA3/CA4 subfields. 
These data support a role for caspase-3 in mediating 
seizure-induced neuronal death and suggest that thera- 
peutic treatments targeted at the caspase cascade may 
prove useful as an adjunct to anticonvulsant therapy in 
human epileptics. 

Investigation of the mechanism of cell death underly- 
ing many neurodegenerative diseases has yielded a de- 
monstrable role for the caspase family of cell death 
effector proteases in many cases (Thornberry and Lazeb- 
nik, 1998; Schulz et al., 1999). Caspase-3 is an essential 
effector of the caspase cascade (Slee et al., 1999) and 
among the best understood. Caspase-3 is produced as an 
inactive 32-kDa proenzyme, which yields 17- and 12- 
kDa fragments on cleavage (Nicholson et al., 1995). 
Activated caspase-3 cleaves a number of substrates, in- 
cluding structural proteins, PARP, and the CAD/ICAD 
endonuclease complex responsible for DNA fragmenta- 
tion (Nicholson et al., 1995; Enari et al., 1998), and 
inhibition of this enzyme reduces neuronal death in ex- 
perimental models of ischemia and traumatic brain injury 
(Yakovlev et al., 1997; Chen et al., 1998; Namura et al., 
1998). 

The role of cell death regulatory genes in the neuro- 
pathology of epilepsy has been explored only recently. 
Studies support the involvement of cell death effectors 
and repressors of the bcl-2 gene family in the control of 
seizure-induced brain injury (Gillardon et al., 1995; Gra- 
ham et al., 1996; Zhang et ah, 1998). Whether the 
caspase family of cell death effector proteases plays a 
role in seizure- induced cell death remains little explored. 
However, Gillardon et al. (1995) demonstrated caspase-3 
mRNA up-regulation and increased caspase-3-Iike en- 
zyme activity within vulnerable regions following sys- 
temic KA administration, and increased caspase-3 im- 
munoreactivity was reported recently in a similar model 
(Faherty et al., 1999). However, the use of systemic 
convulsants in these studies complicates separation of 
seizure-induced injury from the direct neurotoxic effects 
of KA. Furthermore, the electrographic (EEG) activity 
responsible for activation of caspase-3 has not been 
addressed. 

The seizure model used in the present study involves 
intraamygdaloid injection of KA with assessment of sei- 
zure injury in the anatomically remote target neurons of 
the hippocampal CA3/CA4 subfields. This avoids the 
confounding influence systemic convulsants may have in 
separation of seizure- induced injury from that caused by 
direct neurotoxicity (Ben-Ari et al., 1980). Brain injury 
in this model is characterized by a 60-70% loss of 
CA3/CA4 neurons from the ipsilateral hippocampus with 
milder (—20%) loss of neurons on the contralateral side, 
whereas cell death outside this brain region is restricted 
to the amygdala site of injection (Henshall et al., 1999). 
Previous studies in multiple models have shown that 
seizure-induced brain injury (heat-shock protein expres- 
sion), DNA damage (Klenow polymerase-labeled DNA 
fragmentation), and neuronal death are directly corre- 



lated with the duration of polyspike paroxysmal dis- 
charges (here termed type IV seizures), but not to any 
other EEG pattern (Lowenstein et al., 1990, 1991; 
Tanaka et al., 1998; Henshall et al., 1999). As behavioral 
monitoring of seizure activity yields only limited insight 
into underlying electrographic events in brain (Ben-Ari, 
1985), quantification of the duration of injurious EEG 
activity in the present studies also ensures that treatment 
groups underwent an equivalent duration of injurious 
seizures. 

In the present study, the 32-kDa proenzyme form of 
caspase-3 was detected in cortical and hippocampal sam- 
ples from both control and seizure animals, and levels 
remained unaffected following seizures in both brain 
regions. In contrast, the 17-kDa (active) fragment of 
caspase-3 was detected only within the ipsilateral hip- 
pocampus and cortex from animals that underwent sei- 
zures at 4 and 24 h, regions that exhibit neuronal death in 
this model (Henshall et al., 1999). These data therefore 
suggest that cleavage of caspase-3 is an early event 
following seizures. 

The cell death-promoting factor cytochrome c has 
been shown to be an important upstream activator of 
caspase-3 through pathways involving caspase-9 and, to 
a lesser extent, caspase-8 (Kuida et al., 1998; Kuwana 
et al., 1998; Slee et al., 1999). Cytochrome c normally 
resides within the outer surface of the mitochondrial 
inner membrane and is not present within the cytoplasm 
(Skulachev, 1998). In our studies, cytochrome c was 
detectable within all mitochondrial extracts from the 
ipsilateral hippocampus of control and seizure animals, 
but was almost undetectable within the cytoplasm of 
control animals. Cytochrome c appeared within cytoplas- 
mic extracts from seizure animals within 2 h and re- 
mained elevated until 24 h. These data therefore suggest 
that cytochrome c release could be a factor in the mech- 
anism of seizure-induced caspase-3 activation. As cyto- 
chrome c may be a factor in the upstream mechanism of 
both caspase-8 and caspase-9 (Li et al., 1997; Kuwana 
et al., 1998; Skulachev., 1998), the present data do not 
allow further insight into the role these caspases might 
play upstream of caspase-3 activation. 

Caspase-3-like enzyme activity was investigated in the 
present study using a previously described assay based 
on the enzyme-catalyzed release of the fluorimetric sub- 
strate p-nitroanilide from Ac-DEVD-/?Na (Chen et al., 
1998). Caspase-3-like activity was increased signifi- 
cantly only within the ipsilateral hippocampus, although 
small increases were found within cortical samples. In- 
creased activation was detected 8 h following seizures, 
remaining elevated until 24 h and declining thereafter 
(Fig. 2A). Therefore, increased caspase-3-like protease 
activity occurs after caspase-3 cleavage, as has been 
reported previously in experimental ischemia (Chen 
et al., 1998). 

DNA fragmentation within the ipsilateral CA3/CA4 
subfield detected by the Klenow fragment of DNA poly- 
merase I has been shown previously to emerge 16-24 h 
following seizures in this model (Henshall et al., 1999). 
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In the present study, TUNEL-positive cells were also 
restricted to the ipsilateral CA3/CA4 and appeared after 
a similar 24-72-h time delay. Caspase-3 immunoreac- 
tivity was very low within the ipsilateral CA3/CA4 sub- 
field in control brain samples in the present study, but 
was increased in brain sections 24 and 72 h following 
seizures. Colocalization of TUNEL and caspase-3 immu- 
noreactivity determined that a large number of TUNEL- 
positive neurons were also strongly caspase-3-immuno- 
reactive, suggesting most but not all DNA fragmentation 
may be mediated by a caspase-3 -dependent mechanism. 
This is supported by previous studies that have shown 
caspase-3 colocalization with DNA fragmentation fol- 
lowing ischemia (Chen et al., 1998; Namura et al., 1998). 
Cell death may proceed in the absence of caspase in- 
volvement, however (Kitanaka and Kuchino, 1999), and 
this is supported by morphologic studies showing that 
more than one form of ceil death occurs in neuronal 
populations subject to seizures (Sloviter et al., 1996). An 
additional observation of significance in the present 
study was that caspase-3 immunoreactivity was localized 
predominantly within the nucleus at 24 and 72 h, with 
little detected within the cytoplasm. As caspase-3 is 
found mainly within the cytoplasm and mitochondria in 
normal cells (Zhivotovsky et al., 1999), these data sug- 
gest that caspase-3 translocates to the nucleus following 
seizures, as has been suggested recently in other systems 
(Zhivotovsky et al., 1999). 

In vivo inhibition of caspase-3 by the putatively se- 
lective inhibitor z-DEVD-fmk significantly improved 
neuron survival by —20% within the vulnerable CA3/ 
CA4 of both ipsilateral and contralateral hippocampi 
following seizures. The tetrapeptide inhibitor z-DEVD- 
fmk has been shown previously to be a potent inhibitor 
of caspase-3-like protease activity in vivo (Chen et al., 
1998), which under the same dosing regime reduced 
DNA fragmentation and neuronal death following global 
cerebral ischemia (Chen et al., 1998). This is the first 
study to investigate the effects of this inhibitor on sei- 
zure-induced neuronal death, and the data support the 
effectiveness of z-DEVD-fmk as a neuroprotectant 
against seizure-induced neuronal death. That z-DEVD- 
fmk was effective in reducing neuronal loss from the 
contralateral CA3/CA4 was surprising, however, be- 
cause significant caspase-3 enzyme activity, immunore- 
activity, and DNA fragmentation were not detected 
within this region. The explanation is unclear but may 
reside with different cell death processes within this 
brain region, inhibition of non-caspase-3-dependent cell 
death processes, or through a nonspecific action. 

A number of limitations should be considered when 
interpreting the findings in the present study. The spec- 
ificity of the substrate used in the caspase-3 enzyme 
assay (Ac-DEVD-pNa) may not be absolute (Chen et al., 
1998). Also, the caspase-3 inhibitor z-DEVD-fmk may 
inhibit additional caspases that recognize a DEVD cleav- 
age motif. Further, the detection of caspase-3 cleavage, 
enzyme activity, and immunochemical colocalization 
with DNA fragmentation cannot be taken as implicit 



involvement of caspase-3 in seizure-induced cell death 
nor exclude multiple cell-death mechanisms. 

The present study shows that caspase-3 is cleaved and 
becomes active within brain regions exhibiting cell death 
following seizures induced by intraamygdaloid KA. 
These events occurred in a sequential manner over a time 
course compatible with downstream consequences of 
caspase-3 activation, such as DNA fragmentation. Fur- 
ther, caspase-3 protein likely translocates to the nucleus 
where it is colocalized with fragmented DNA. Selective 
inhibition of caspase-3 in vivo may confer significant 
protection against seizure-induced brain injury, and in- 
hibition of caspase-3 may therefore provide a novel 
neuroprotective approach as an adjunct to anticonvulsant 
therapy. 
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The sequence of events involved in the neurodegeneration 
caused by transmissible spongiform encephalopathies is not yet 
known. Using a murine scrapie model in which neurodegenera- 
tion in the hippocampus is restricted to the CA2, we show an 
up-regulation of the proapoptotic markers Fas and caspase 3 
early in the incubation period prior to disease-specific prion 
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protein (PrP) deposition and clinical signs. These results suggest 
that activation of Fas and caspase 3 are involved in the early 
pathological sequence of events during murine scrapie, and that 
these proapoptotic markers may be a specific method for early 
detection of neurodegeneration. NeuroReport 1 2:3567-3572 © 
2001 Lippincott Williams & Wilkins. 



INTRODUCTION 

The neurodegenerative transmissible spongiform encepha- 
lopathies (TSEs) include scrapie in sheep and goats, bovine 
spongiform encephalopathy in cattle, and Creutzfeldt- 
Jakob disease in humans. These diseases are characterised 
by central nervous system (CNS) spongiosis, neuronal loss 
and accumulation of PrP 50 , an abnormal protease-resistant 
isomer of the cellular prion protein, PrP 0 . The relationship 
between neuronal loss and PrP deposition in TSEs remains 
unclear [1-3]. The molecular nature of the TSE infectious 
agent is thought to be associated with PrP 50 [4], The normal 
cellular function of PrP is unknown, but studies suggest it 
is involved in survival of Purkinje neurons [5], synaptic 
plasticity [6] and superoxide dismutase-like activity [7,8]. 

Cell death by apoptosis is a regulated process exerted by 
the coordinated action of many different gene products. An 
important physiological mediator of apoptosis is Fas 
(CD95, APO-1), a 48 kDa cell surface receptor belonging to 
a family of receptors that includes nerve growth factors 
and tumour necrosis factor receptors [9,10]. Increased levels 
of Fas and Fas ligand have been reported in Alzheimer's 
disease (AD) [11]. However, the Fas/Fas ligand pathway is 
not involved in cell loss during other neurodegenerative 
diseases such as Huntington's or Parkinson's diseases [12]. 
Increased levels of Fas have been observed in neurons of 
apoptotic areas following middle cerebral artery occlusion 
[13]. Recent work has also shown that Fas induction is 
associated with neuronal death and p53 accumulation in 
the rat brain after kainic-acid-induced seizures [14]. 

Upon binding of Fas ligand to the extracellular domain 
of the Fas receptor, the receptor is thought to link via its 
cytosolic death domain to adaptor proteins such as the 



intracellular Fas-associated death domain (FADD) which in 
turn initiates the apoptotic cascade. This is thought to 
occur via activation of initiator caspases (caspases 8 and 
10) by effector proteins (Fig. 1). Activated caspases 8 and 
10 then cleave and activate downstream effector caspases 
such as 3, 6 and 7 [15,16]. Activated caspases 3, 6 and 7 are 
then thought to cleave and activate various proteins 
including poly(ADP-ribose) polymerase (PARP), leading to 
DNA damage and apoptosis. Increased levels of caspase 3 
and other proapoptotic markers have been observed in AD 
tissue [17,18], and caspases have been suggested to play a 
dual role in proteolytic processing of amyloid precursor 
protein and apoptotic death of neurons in AD [19]. 
Elevated caspase 3 has been observed in primary cortical 
neurons exposed to the amyloidogenic peptides A|3 1-40 
and Ap 1-42 [20,21]. 

Recent studies have shown that low concentrations of 
the amyloidogenic prion protein peptide PrP106-126 can 
induce activation of proapoptotic markers in cell culture 
[22], and that a substrate of caspase 3, poly (ADP-ribose) 
polymerase, cleavage is induced by PrP 106-126 [23]. How- 
ever, neither Fas nor caspase up-regulation have been 
reported in prion diseases. We now report early induction 
of Fas and caspase 3 prior to disease specific PrP deposi- 
tion during 87V scrapie infection. 

MATERIALS AND METHODS 

Murine scrapie model: Mice of VM/Dk strain encoding 
the PrP a / b genotype were intracerebrally inoculated with 
20 ul 1% (w/v) brain homogenate from a VM/Dk mouse 
terminally infected with 87V scrapie by the standard proce- 
dure [24]. Uninfected brain tissue was used as control 
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homogenate. Scoring for clinical signs of illness during the 
incubation period was performed as described [25], and first 
clinical signs were apparent at 260 days post-injection (dpi). 
At specific time points throughout the incubation period: 
50, 100, 150, 200, 250 dpi, and at terminal point of disease 
(320 dpi), six scrapie-infected and four age-matched normal 
brain-injected mice were culled by cervical dislocation and 
their brains removed for further analysis. 

Immunohistochemistry: Following removal, brains were 
fixed in 10% formal saline, dehydrated in alcohol and 
embedded in paraffin wax during a 7h automated proces- 
sing cycle. Microtome sections were cut at 6um and 
mounted onto Superfrost plus slides (Shandon). Fas was 
detected using a polyclonal antibody (Santa Cruz Biotech- 
nology, USA, se-1023), and activated caspase-3 was de- 
tected using a polyclonal antibody that detects the pl7 
active subunit of caspase 3 (R and D Systems, Europe, 
AF835). The secondary label used in both cases was a 
biotinylated goat anti-rabbit antibody (Jackson's, PA, USA, 
111-065-003). The reaction products were visualised with 
DAB. Normal serum was used in place of primary anti- 
body as a control. 

Western blot analysis: 10% (w/v) homogenates of whole 
brain tissue were prepared in NP-40 buffer (0.5% (v/v) 
NP-40, 0.5% (w/v) sodium deoxycholate, 150 mM NaCl, 
50 mM Tris-HCl pH 7.5). Homogenates were centrifuged 
at 1300 X for 20min to remove cellular debris. Super- 
natant samples were incubated with sample buffer (Invi- 
trogen, CA, USA) at 70°C for 15min and separated on 4- 
12% Bis-Tris gradient gels (Invitrogen, CA, USA). Proteins 
were transferred onto PVDF membrane by electroblotting 
and incubated with polyclonal rabbit antisera (those used 
for immunohistochemistry) for 2 h at room temperature. 
Proteins were visualised with horseradish peroxidase con- 
jugated secondary antibody and a chemiluminescence 
detection kit (Roches Diagnostics, Mannheim, Germany). 
Membranes were exposed to X-ray film for 3 min. 

RESULTS 

Fas immunolabelling: The intensity of Fas immunolabel- 
ling was assessed at time points during the incubation 
period. No difference between 87V scrapie-infected and 
control tissue was observed at 50 dpi (data not shown). 
Immunohistochemistry showed an increase in Fas immu- 
noreactivity in 87V-scrapie infected CA2 at 100 dpi (Fig. 
2b) compared to the low basal level in age-matched normal 
brain injected control tissue (Fig. 2a). This increase is 
maintained at 150 and 200 dpi (data not shown) and at the 
terminal stage of disease in 87V-infected CA2 (Fig. 2d) 
compared to control normal brain-injected tissue (Fig. 2c). 
Fas immunolabelling was present in the neuropil sur- 
rounding cell bodies. 

Immunoblotting with antisera to Fas confirmed that 
increased levels of Fas were first detectable from 100 dpi in 



87V scrapie-infected tissue (Fig. 2e, lane 2) compared to 
basal levels in control tissue (Fig. 2e, lane 1). Fas was 
abundant in 87V scrapie-infected tissue at the terminal 
stage of disease (320 dpi, Fig. 2c, lane 4) when compared to 
the basal level in normal brain-injected control tissue (Fig. 
2c, lane 3). 

Caspase-3 immunolabelling: The level of cleaved pl7 
fragment of caspase 3 was assessed throughout the incuba- 
tion period. No difference in caspase-3-cleaved fragment 
immunoreactivity was observed in the CA2 region of 87V 
scrapie-infected and normal brain-injected control tissue at 
50 dpi (data not shown). However, iirtmurtohistochemistry 
showed an increase in caspase-3-cleaved fragment immu- 
noreactivity in 87V scrapie-infected CA2 at 100 dpi (Fig. 
3b) compared to age-matched control tissue (Fig. 3a). This 
increase is maintained at 150 and 200 dpi (data not shown), 
and at the terminal stage of disease in 87V scrapie-infected 
CA2 (Fig. 3d) compared to control tissue (Fig. 3c). Caspase 
3 staining was seen as granular intracellular inclusions 
within the large CA2 pyramidal neurons. 

These findings were confirmed by immunoblot analysis, 
which demonstrated increased levels of caspase-3-cleaved 
fragment from 100 dpi in 87V-infected tissue (Fig. 3e, lanes 
5, 6, 7) compared to control tissue (Fig. 3e, lane 8). At the 
terminal stage of disease (320 dpi), 87V scrapie-infected 
tissue has an increase in caspase 3 (Fig. 3e, lanes 1, 3, 4) 
compared to control tissue (Fig. 3e, lane 2). 

DISCUSSION 

Our results show that during 87V scrapie infection, early 
up-regulation of the proapoptotic markers Fas and caspase 
3 occurs at 100 dpi, significantly prior to the detection of 
disease-specific PrP deposition at 200 dpi, and onset of 
clinical signs at 260 dpi. These results suggest that Fas and 
caspase 3 may be specific early indicators of apoptosis 
induction in murine scrapie. Previous work showed posi- 
tive TUNEL staining of isolated CA2 neurons at 100 dpi 
during 87V scrapie infection [3] and, together with the 
current results, there thus appears to be a positive relation- 
ship between the expression of Fas, caspase 3- and 
TUNEL-positive cells in 87V scrapie infection. 

The previously reported dendritic damage at 70 dpi in 
87V scrapie infection [3] remains the earliest pathological 
abnormality in the CA2 during 87V scrapie infection. This 
occurs 30 dpi prior to the up-regulation of Fas and caspase, 
and the appearance of TUNEL-positive cells at 100 dpi. 
The influence of the dendritic and cytoskeletal systems on 
apoptosis is unclear, however tau protein phosphorylation 
[26], microfilament reorganisation, and tubulin and actin 
polymerisation [27] are all thought to accelerate apoptosis. 
The dendritic swelling and contortion is suggestive of 
cytoskeletal dysfunction, and additional studies on the 
87V/VM murine scrapie model will aim to elucidate the 
relationship between early dendritic and cytoskeletal da- 
mage and activation of proapoptotic markers. In AD an 



Fig. I . Fas and caspase signalling. Upon binding of Fas ligand (FasL) to the Fas receptor (FasR), the receptor links via its cytosolic death domain (DD) 
to adaptor proteins such as intracellular Fas -associated death domain (FADD). This then binds via its death effector domain (DED) to initiator caspases 
(caspases 8 and 10). Activated caspases 8 and 10 then cleave and activate downstream effector caspases (caspases 3, 6, 7), which in turn cleave various 
proteins including poly(ADP-ribose) polymerase (PARP) which results in DNA damage and apoptosis. 
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Fig. 2. Increased Fas expression in the CA2 during 87V scrapie infection. Immunocytochemistry in 87V scrapie-infected CA2 at 100 dpi (b), and age- 
matched normal brain -injected control tissue (a). Terminal 87V-infected CA2 (d), and age-matched control CA2 (c). Terminal stage (TM) is 320 dpi. 
Bar, 10 um Western blot using the same Fas antibody shows increased levels 100 dpi in 87V scrapie-infected tissue (e ( lane 2) compared to normal 
brain-injected control tissue (e, lane I). At the terminal stage, 87V-infected tissue has a marked increase in caspase 3 level (e, lanes 4 and 5) compared 
to normal bra in- injected control tissue (e, lane 3). Terminal stage (TM) is 320 dpi. 



analogous neurodegenerative disease with deposition of an 
amyloidogenic protein, neuronal loss and gliosis, the rela- 
tionship between the formation of neurofibrillary tangles, 
deposition of A(3 and neuronal loss remains unclear. It has 
been suggested that there is an association between neuro- 
fibrillary tangle formation and the activation of apoptotic 
pathways [28], and it is possible that a similar relationship 
is present in 87V scrapie infection. 

During 87V scrapie infection, dendritic damage and 
induction of apoptosis all occur significantly prior to 
detectable disease-specific PrP deposition within the hippo- 



campus. The increase in caspase 3 first evident at 100 dpi 
does not appear to significantly increase further by the 
terminal stage of disease. It is possible that during 87V 
scrapie infection low levels of PrP 50 or pre-amyloidogenic 
PrP are generating neuronal dysfunction and isolated 
TUNEL-positive cells prior to widespread neuronal loss. 
This has been shown in vitro using PrPl 06-126 where low 
levels of the peptide induce and maintain a prolonged 
increase in proapoptotic markers, including caspase 3, 
without a commitment to cell death [22]. It is also possible 
that a slow progression of the early induction of proapop- 
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Fig. 3. Increased caspase 3 expression in the CA2 during 87V scrapie infection. Immunocytochemistry in 87V scrapie-infected CA2 at 1 00 dpi (b), and 
age-matched normal brain -injected control tissue (a). Terminal 87V-infected CA2 (d), and age-matched normal brain-injected control CA2 (c). Terminal 
stage (TM) is 320 dpi. Bar= 1 0 pm. Western blot using the same caspase 3 antibody shows increased levels 1 00 dpi in 87V-infected tissue (e, lanes 5, 6 
and 7) compared to normal brain injected control tissue (e, lane 8). At terminal stage, 87V infected tissue has a marked increase in caspase 3 level (e, 
lanes I, 3 and 4) compared to normal brain injected control tissue (e, lane 2). Terminal stage (TM) is 320 dpi. 



totic markers leaves neurons susceptible to further damage 
from disease-specific PrP rather than causing immediate 
widespread cell loss. During ME7 scrapie infection, PrP 50 - 
associated synaptic and dendritic spine loss occurs prior to 
cell death [1,2]. The 320 dpi incubation period of 87V 
scrapie is significantly longer that that of ME7 scrapie, and 
it is possible that a slow progression of proapoptotic 
marker induction occurs over time. Future studies on 



murine scrapie will aim to further elucidate the temporal 
relationship between proapoptotic marker activation, PrP 
deposition and cell death. 

CONCLUSION 

The present study has shown early induction of Fas and 
caspase 3 during 87V scrapie infection. These data suggest 
that proapoptotic markers may be specific early indicators 
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of neurodegeneration in murine scrapie. A thorough 
understanding of the initial events in the neurodegenera- 
tive process is critical for the development of therapeutic 
strategies for the treatment of TSE diseases. 
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Abstract Examination of the expression of proteins linked 
with signaling pathways commanding cell death and cell 
survival has been carried out to increase understanding on 
the mechanisms leading to cell death in the cerebellum in 
Creutzfeldt-Jakob disease (CJD). Expression of Fas, Fas 
ligand (Fas-L), ERK, MEK, Bcl-2, Bax, N-myc, c-myc, 
pro-caspase-2 and active caspase-3 was examined by im- 
munoliistochemistry in the cerebellum of six patients with 
sporadic CJD, three patients with olivopontocerebellar at- 
rophy (OPCA) and six age-matched controls. No modifi- . 
cations in the expression of these proteins were observed 
in granule cells in CJD and OPCA when compared with 
controls, except in a few cells in the molecular and granu- 
lar layers in CJD that displayed dense homogeneous ac- 
tive caspase-3 immunostaining. This suggests selective 
activation of caspase-3 in association with increased cel- 
lular vulnerability in CJD. No modifications in pro-cas- 
pase-2 and c-myc immunoreactivity were observed in 
Purkinje cells in diseased brains when compared with 
controls. However, increased diffuse Fas, Fas-L, MEK, 
ERK and Bax expression, and enhanced granular active 
caspase-3 immunoreactivity was found in the cytoplasm 
of Purkinje cells in CJD. Increase in Bcl-2 and N-myc oc- 
curred in Purkinje cells in CJD and OPCA. These results 
indicate that enhanced Fas, Fas-L, MERK, ERK, Bax and 
granular active caspase-3 expression is not lethal to Pur- 
kinje cells in CJD, whereas increased Bcl-2 and N-myc 
does not preclude per se cell death or death survival in 
CJD and OPCA. These findings point to the likelihood 
that expression of these cell death proteins in neurodegen- 
eration has functional roles differing from those related 
with apoptosis. 
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Introduction 

Creutzfeld-Jakob disease (CJD), Gerstmann-Straussler- 
Scheinker syndrome and fatal familial insomnia (FFI) in 
humans, and scrapie and bovine spongiform encephalopa- 
thy in animals are neurodegenerative diseases character- 
ized by the accumulation of an abnormal, protease-resis- 
tant and amyloidogenic isoform of the prion protein 
known as PrP CJD or PrP sc [10, 48], Pathological hallmarks 
of prion diseases are spongiform degeneration of neurons 
and their processes, reactive astrocytic gliosis, abnormal 
protease-resistant PrP deposition, and loss of neurons [10, 
48]. It has been suggested that neuronal cell death in 
scrapie-infected mice is due to apoptosis [23, 36]. How- 
ever, studies in CJD and FFI, mainly based on the method 
of in situ end-labeling of nuclear DNA fragmentation, are 
controversial [12, 15, 25]. For this reason, studies focused 
on the expression of proteins commanding specific cell- 
death pathways are useful to investigate mechanisms 
leading to cell death in CJD. 

A common feature of cells undergoing apoptosis is the 
activation of caspases, the cysteine proteases constitu- 
tively expressed as zymogens or pro-caspases that, after 
activation, can cleave substrates (including pro-caspases) 
at aspartic acid residues. From a functional point of view, 
caspases can be divided into two groups: upstream insti- 
gators (caspase 8, 9 andlO), the cascade initiators that can 
activate other caspases; and downstream terminators that 
cleave distinct cellular substrates, thus destroying the cell 
(caspase 3, 6 and 7). Caspases 1, 2, 4, 5 and 11 can act as 
initiators and executioners [22, 42, 53, 54, 55, 57]. The 
Fas/Fas ligand (Fas-L) signaling pathway is one of the 
mechanisms that, once activated, may trigger the apop- 
totic caspase cascade. The Fas (CD95, APO-1) receptor is 
a 44-kDa type-1 membrane glycoprotein of the TNF re- 
ceptor superfamily, which has an extracellular domain for 
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ligand binding and an intracellular death domain. The 
cross-linking with its specific ligand Fas-L triggers Fas 
trimerization and recruits the Fas-associated death domain 
(FADD). This is followed by FLICE/caspase-8 binding 
via interactions between the death-effector domains of 
FADD and caspase-8, and by activation of caspase-8. Ac- 
tivation of caspase-8, in rum, activates the caspase cas- 
cade, leading to apoptosis [41, 47, 52, 54, 59, 62]. Bcl-2 
and Bax proteins play a role in the control of cell survival 
and apoptosis. Bcl-2 promotes cell survival, whereas Bax 
promotes cell death [9, 31, 38]. Members of the Bcl-2 
family regulate cell death upstream of caspase proteases 
[32, 49]. 

Other proteins have been implicated in the signaling of 
cell death and cell survival. The oncogene myc family en- 
codes the transcription factor proteins N-myc, c-myc and 
L-myc, which are implicated in the regulation of cell pro- 
liferation and differentiation [8, 43], as well as apoptosis 
[26, 46, 56]. The family of mitogen-activated protein 
(MAP) kinases is composed of different members, includ- 
ing ERKs, c-Jun N-terminal kinases and p38 kinases [7, 
39, 50]. ERKs are activated by MAP/ERK kinases (MEKs) 
which, in turn, are activated by MEK kinases (MEKKs). 
The best characterized MAPK cascade is regulated by 
Ras, and consists of Raf isoforms, particularly Raf-1, 
MEK 1/2 and ERK1/2 [7, 50]. The role of MEK and ERK 
in the control of cell death and cell survival is not clear, 
and it is probably dependent on the cell type as well as on 
the signal that triggers apoptosis [4, 34, 44]. 

Severe spongiform degeneration and marked loss of 
cerebellar granule cells is a characteristic lesion in the 
ataxic form of CJD [5, 24, 29]. However, moderate spongi- 
form degeneration in the molecular layer, mild or moderate 
granule cell loss, and reactive astrocytosis are common fea- 
tures in classical CJD [1, 10]. Loss of dendritic spines and 
reduction of dendritic arbors have been shown with the 
Golgi method in relatively resistant Purkinje cells in CJD 
[2, 17]. The present study examines by immunohistochem- 
istry the expression of Fas, Fas-L, Bcl-2, Bax, N-myc, 
c-myc, MEK, ERK, pro-caspase-2, and active caspase-3 in 
the cerebellum of patients with CJD, and compares these 
observations with those encountered in olivopontocerebel- 
lar atrophy (OPCA) and age-matched controls. 



Material and methods 

Samples of the cerebellum from six patients with sporadic CJD. 
three patients with OPCA and six age-matched controls were ob- 
tained at autopsy and immediately immersed in 1 0% buffered for- 
malin. The delay between death and tissue processing was between 
3 and 8 h. The clinical and pathological details of CJD and OPCA 
cases have been described in detail elsewhere [18, 20]. Samples 
were embedded in paraffin or cut with a vibratome. Paraffin sec- 
tions. 5 um thick, which were obtained with a sliding microtome, 
were stained with hematoxylin and eosin or processed for im- 
munohistochemistry following the avidin-biotin-peroxidase (ABC) 
method (ABC kit, Vectastain, Vector). Sections were slightly 
counterstained with hematoxylin. In some cases, sections were 
first boiled in citrate buffer and then stored overnight at room tem- 
perature. Endogenous peroxidase was blocked with 2% hydrogen 
peroxide and 10% methanol followed by incubation with normal 
serum for 2 h at room temperature. Sections were incubated at 
40°C overnight with one of the primary antibodies. The sections 
were then incubated with specific biotinylated secondary antibody 
diluted 1:200, and with ABC diluted 1:100 for 1 h for each step. 
The immunoreaction was visualized with 0.05% diaminobenzidine 
(DAB) and 0.01% hydrogen peroxide. Table 1 shows specifica- 
tions of the antibodies used. 

For PrP immunohistochemistry, a different procedure was car- 
ried out. De waxed paraffin sections were first boiled in 35% HC1 
for 2 min and then treated with 96% formic acid for 10 min. After 
blocking endogenous peroxidase with 0.03% hydrogen peroxide, 
sections were incubated at 40°C overnight with mouse monoclonal 
PrP antibody (clone 3F4, Dako) at a dilution of 1:30 in TRIS- 
buffer (pH 7.2) containing 15 mM NaN 3 . After washing, sections 
were processed with the EnVision+ System Peroxidase (DAB) 
procedure (Dako). Sections were incubated with En Vision mouse 
labeled polymer horseradish peroxidase for 30 min and the reac- 
tion was visualized with 0.05% DAB and 0.01% hydrogen perox- 
ide. Sections with and without pre-incubation with proteinase K 
were processed in parallel. 

Finally, vibratome sections, 50 pm thick, were processed free- 
floating for pro-caspase-2 immunohistochemistry following the 
LSAB method (Dako LSAB+Kit) following the instructions of the 
supplier. Incubation with the primary antibody was carried out at 
40°C overnight. The goat polyclonal antibody to pro-caspase-2 
(Santa Cruz Biotechnology) was used at a dilution of 1 : 1,000. Sec- 
tions were then incubated with link solution (LSAB) and with 
streptavidin-peroxidase solution, 15 min each at room temperature. 
The peroxidase reaction was visualized with the DAB chromogen. 

All the antibodies were analyzed on Western blots of brain ho- 
mogenates of control brains. The antibodies recognized specific 
bands at the expected molecular masses. In addition, antibodies 
from Santa Cruz Biotechnology (Fas, Fas-L, N-Myc, c-myc, Bcl-2 
and Bax) were tested by pre-absorption with the corresponding 
antigenic peptides (also available from Santa Cruz Biotechnol- 



Table 1 Summary of the antibodies used in paraffin sections processed with the avidin-biotin-peroxidase (ABC) method 



Pre-treatment with Mono-/polyclonal Dilution Source 

citrate buffer antibody 



Fas 


Yes 


Rabbit polyclonal 


1:100 


Santa Cruz, sc-715 


Fas-L 


Yes 


Rabbit polyclonal 


1:50 


Santa Cruz, sc-834 


N-Myc 


Yes 


Rabbit polyclonal 


1:50 


Santa Cruz, sc-791 


c-myc 


Yes 


Monoclonal 


1:40 


Santa Cruz, sc-42 


Bcl-2 


Yes 


Rabbit polyclonal 


1:100 


Santa Cruz, sc-492 


Bax 


Yes 


Rabbit polyclonal 


. 1:200 


Santa Cruz, sc-493 


Active caspase-3 


Yes 


Rabbit polyclonal 


1:25 


Cell Signaling 


MEK 


No 


Monoclonal clone 25 


1:100 


Transduction 


ERK 


No 


Monoclonal clone 1 6 


1:1,000 


Transduction 


Phosphorylated neurofilaments 


No 


Monoclonal clone BF10 


1:50 


Boehringer-Mannheim 
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ogy). The imrnunoreactive signal was abolished in sections 
processed with the p re-absorbed antibodies. 



Results 

General morphological findings 

Mild spongiform degeneration in the molecular layer, 
granule cell loss, and astrocytic gliosis were encountered, 
although with variable intensity in CJD. The number of 
Purkinje cells was preserved, although axonal torpedoes 
were seldom observed. In addition, abnormal punctate 
protease-resistant PrP deposition in the molecular layer, 
and granular protease-resistant PrP deposition, reminis- 
cent of glomeruli, in the granular layer was found in every 
case. Small numbers of diffuse PrP plaques were present 
in the molecular layer and upper border of the granular 
layer, as described in detail [20]. 

Loss of Purkinje cells, accompanied by axonal torpe- 
does in the remaining Purkinje cells, together with reac- 
tive astrocytic gliosis, were the major pathological find- 
ings in OPCA, as reported elsewhere [18]. 

Increased cellular vulnerability was not associated with 
morphological characteristics of apoptosis, including pe- 



Fig. 1 Fas (A-C) and Fas-L 
(D-F) immunoreactivity in 
control (A, D), CJD (B, E) and 
OPCA (C, F) cases. Marked 
increase in Fas and Fas-L im- 
munoreactivity is found in 
Purkinje cells, and Fas (arrow 
in B) in Golgi cells in CJD. 
Fas-L immunoreactivity is also 
increased in reactive astrocytes 
(arrowheads in E and F) in 
CJD and OPCA. An asterisk 
marks an axonal ballooning in 
OPCA (CJD Creutzfeldt Jakob 
disease, OPCA olivopontocere- 
bellaratrophy, Fas-L Fas li- 
gand). A-F Paraffin sections 
counterstained with hema- 
toxylin; bar 25 am 



ripheral chromatin condensation, or extreme chromatin 
condensation and formation of apoptotic bodies, in CJD 
and OPCA. 



Fas and Fas-L inmiunohisto chemistry 

In controls, moderate Fas and Fas-L immunoreactivity 
decorated the soma of Purkinje cells and the neuropil of 
the molecular layer. Faint Fas-L immunoreactivity was 
found in the granular layer (Fig. 1 A, D). 

Marked increase in Fas and Fas-L immunoreactivity 
was found in Purkinje cells, and Fas in Golgi cells in CJD 
(Fig. IB, E). Reactive astrocytes showed moderate Fas-L 
immunoreactivity. In contrast, Fas and Fas-L immunore- 
activity was low in Purkinje cells in OPCA, although Fas-L 
was strongly expressed in reactive astrocytes (Fig. 1C, F). 
No modifications in the expression of Fas and Fas-L were 
seen in the remaining granule cells in diseased brains 
when compared with controls. 
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Fig. 2 MEK (A-C) and ERK 
(D— F) immunoreactiviry in 
control (A. D), CJD (B. E) and 
OPCA (C F) cases. Slight in- 
crease in MEK and ERK im- 
munoreactiviry is found in 
Purkinje cells in CJD but not 
in OPCA. ERK antibodies dec- 
orate an axonal torpedo in a 
Purkinje cell (asterisk in F). 
A-F Paraffin sections, hema- 
toxylin counter staining; bar 
25 urn 




MEK and ERK irnmimohistochernistry 

In controls, strong MEK immunoreactiviry was present in 
granule cells, whereas Purkinje cells were slightly, or not 
at all, stained with anti-MEK antibodies (Fig. 2 A). How- 
ever, a slight increase in MEK immunoreactivity occurred 
in Purkinje cells in CJD (Fig. 2B). No modifications were 
seen in the remaining granule cells. MEK expression in 
OPCA was similar to controls (Fig. 2C). 

Faint ERK immunoreactivity was present in Purkinje 
cells in control cases (Fig. 2D). However, increased ERK 
expression was found in Purkinje cells in CJD (Fig.2E) 
but not in OPCA (Fig. 2F). ERK expression was very low 
or almost absent in granule cells in control and diseased 
cases. 

Axonal torpedoes in OPCA and CJD, as visualized 
with anti-phosphorylated neurofilament antibodies (clone 
BF10) in consecutive sections, were faintly stained with 
anti-MEK and anti-ERK antibodies (Fig.2F). 

Bcl-2 and Bax iinmunohistochemistry 

Weak Bcl-2 immunoreactiviry in stellate cells of the mo- 
lecular layer and in Golgi cells, but not in Purkinje cells, 
was present in controls (Fig. 3 A). .Increased Bcl-2 im- 



munoreactivity was observed in Purkinje cells in CJD 
and, to a lesser extent, in OPCA (Fig. 3B, C). Weak Bax 
immunoreactivity occurred in Purkinje cells, but not in 
granule and stellate cells, in control cases (Fig. 3D). A 
moderate increase in Bax was observed in the cytoplasm 
of Purkinje cells in CJD, but not in OPCA (Fig.3E 5 F). 
Moreover, an increase in Bax immunoreactivity occurred 
in non-identified cell processes in the vicinity of Purkinje 
cells in diseased brains (Fig. 3E, F). No changes in the ex- 
pression of Bcl-2 and Bax were noticed in granule cells in 
CJD and OPCA. 



N-myc and c-myc immunohistochemistry 

Faint c-myc immunoreactivity was found in neurons of 
the molecular layer, Purkinje cells and granule cells in 
control samples. No differences in c-myc expression were 
seen between control and diseased brains (data not 
shown). However, enhanced N-myc immunoreactivity 
was seen in Purkinje cells in CJD and OPCA when com- 
pared with controls (Fig.4A-C). N-myc expression was 
not changed in granule cells in diseased brains. 
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Fig. 3 Bd-2 (A-C) and Bax 
(D-Fj irnniunoreactivity in 
control (A,D). CJD (B, E) and 
OPCA (C, F). Enhanced BcJ-2 
immunoreactivity is found in 
Purkinje cells in CJD and 
OPCA. Slight increase in Bax 
immunoreactivity is found in 
the cytoplasm of Purkinje cells 
in CJD. Lipofuscin in a Pur- 
kinje cell in OPCA is labeled 
with an arrow. Bax-immuno- 
reactive non-identified cell 
processes are shown in E and 
F (arrowheads). A— F Paraffin 
sections counterstained with 
hematoxylin; bar 25 um 




Pro-caspase-2 and active caspase-3 
immunomstochemistry 

Strong pro-caspase-2 immunoreactivity was observed in 
Purkinje cells in control and CJD (Fig.4D, E). Mild re- 
duction of pro-caspase-2 irrrrnunoreactivity occurred in 
one case of OPCA (Fig.4F). No pro-caspase-2 irnmuno- 
staining was seen in the granular layer in control and 
pathological cases. 

Active caspase-3 expression was not seen in controls 
and OPCA. However, strong granular active caspase-3 
immunoreactivity was observed in the cytoplasm of Pur- 
kinje cells in CJD (Fig.4H, I). In addition, dense homoge- 
neous active caspase-3 imniunoreactivity was recognized 
in a few cells, representing about 1 per 1 ,000 of the total 
number of cells, in the molecular and granular layers in 
CJD (Fig. 41). 



Discussion 

The study was designed to delineate putative pathways in- 
volved in cell death in CJD. No modifications in the. ex- 
pression of Fas. Fas-L, MEK, ERK, Bcl-2, Bax, c-myc 
and N-myc were found in vulnerable granule cells in this 



disease. The exception was active caspase-3 that was ex- 
pressed in a few cells in the molecular and granular layers 
in CJD, but not in control and OPCA cases. It is tempting 
to suggest caspase-3 activation in vulnerable cells in CJD, 
and caspase-mediated cell death as the mechanism of 
granular dropout in CJD. However, such a possibility has 
to be confirmed with additional data from in vivo and in 
vitro models. Lack of active caspase-3 expression in 
OPCA may be due to the lack of involvement of caspase-3 
or to the difficulty in finding a single caspase-3 -immuno- 
reactive cell in such long-lasting disease. 

Unexpectedly, the present results have shown a com- 
plex scenario of protein expression in Purkinje cells. In- 
creased Fas and Fas-L immunoreactivity in Purkinje cells, 
and Fas immunoreactivity in Golgi cells was found in 
CJD. Interestingly, Purkinje and Golgi cells are relatively 
resistant, whereas granule cells are largely vulnerable to 
CJD. This pattern appears to be specific as no similar in- 
crease in Fas and Fas-L expression was encountered in 
OPCA, a condition in which Purkinje cells degenerate and 
are committed to die [1 8, 30]. Increased Fas and Fas-L ex- 
pression has been found in association with neuron death 
following focal ischemia in adult and developing animal 
models [14, 37, 51]. Yet a transient increase in Fas-L im- 
munoreactivity occurs in surviving granule cells of the 
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dentate gyrus following transient forebrain ischemia in 
gerbils (unpublished observations), thus indicating that 
increased Fas and Fas-L expression in neurons is not suf- 
ficient to promote cell death. In addition, increased Fas-L 
immunoreactivity was found in reactive astrocytes in CJD 
and OPCA. Previous studies have shown that Fas and 
Fas-L are constitutively expressed in fetal and adult hu- 
man astrocytes; various cytokines, including IL-1, IL-6, 
or TNF-a, stimulate Fas and Fas-L expression [6]. More- 
over, increased Fas and Fas-L expression in reactive as- 
trocytes has also been described in several unrelated hu- 
man neurodegenerative disorders [19]. 

Increased active caspase-3 immunoreactivity was 
found in the cytoplasm of Purkinje cells in CJD but not in 
control and OPCA cases. It is known that activation of 
caspase-3 is associated with morphological hallmarks of 
apoptosis, covering nuclear chromatin condensation, nu- 
clear shrinkage and formation of apoptotic bodies [28]. 
However, there is emerging evidence of caspase-3 activa- 
tion without cell death in several paradigms [64]. Stimu- 
lation of T lymphocytes is accompanied by caspase-3 ac- 
tivation without apoptosis [40, 61]. Furthermore, IL-16 
production following caspase-3 activation has been de- 
tected in resting and activated CD8* T cells and in inacti- 
vated CD4 4 T cells, without any apparent sign of apopto- 
sis [63]. It is interesting to note that increased caspase-3 
expression in Purkinje cells in CJD had a granular appear- 
ance that differed from the dense homogeneous staining 
of active caspase-3 in isolated cells of the molecular and 
granular layers. These findings, together with the lack of 
involvement of Purkinje cells in caspase-3 knockout mice 
[33], suggest alternative functions of caspase-3 in surviv- 
ing Purkinje cells in CJD. 

Strong pro-caspase-2 immunoreactivity was found in 
Purkinje cells in control and diseased brains. Two iso- 
forms of caspase-2, caspase-2 s and caspase-2 L , which can 
induce and antagonize cell death, respectively, have been 
described. Caspase-2 L is predominantly expressed in 
brain, skeletal muscle and heart [60]. Caspase-2 knock- 
outs further delineate sub-populations of neurons that are 
selectively involved or spared during the process of cell 
death following deletion of the caspase-2 gene [3]. It can 
be speculated that strong expression of caspase-2 in Pur- 
kinje cells is associated with cell death endurance. How- 



< Fig. 4 N-myc (A-C), pro-caspase-2 (D-F) and active caspase-3 
(G-I) in control (A, D ? G), CJD (B, E, H, I) and OPCA (C f .F) 
cases. Increased N-myc immunoreactivity is observed in Purkinje 
cells in CJD and OPCA. Strong pro-caspase-2 immunoreactivity is 
seen in Purkinje cells in controls and CJD, but pro-caspase-2 ex- 
pression is slightly reduced in this particular case of OPCA. Note 
pro-caspase-2 immunoreactivity in an axonal torpedo in OPCA 
{asterisk in F). No active caspase-3 expression is found the control 
cerebellum, but granular active caspase-3 expression is seen in the 
cytoplasm of Purkinje cells in CJD (arrows in H and 1). In addi- 
tion, dense homogeneous active caspase-3 immunoreactivity is 
found in isolated cells in the molecular and granular layers in CJD 
(arrowheads in I). A-C, G-I Paraffin sections counterstained with 
hematoxylin; D-F vibratome sections without counterstaining; bar 
25 lira 



ever, additional information is needed to elucidate which 
caspase-2 isoform is predominant in Purkinje cells. 

MEK. and ERK immunoreactivity was found in Pur- 
kinje cells in CJD hut not in OPCA.' Although the MEK/ 
ERK pathway is involved in several, paradigms of neuron 
death, MEK and ERK are also involved in neurotrophic 
factor-dependent neurite outgrowth in vitro [11, 13]. 
Since MEK/ERK are implicated in neurofilament phos- 
phorylation [58], there is the possibility that ERK may 
participate in the maintenance of the microtubule cy- 
toskeleton of hampered Purkinje cells in CJD. In line with 
this possibility is th e presence of ERK and MEK in axonal 
torpedoes of Purkinje cells in OPCA and CJD; axonal tor- 
pedoes accumulate phosphorylated neurofilaments. 

Increased Bcl-2 expression was found in Purkinje cells 
in CJD and OPCA, thus indicating that these cells are en- 
riched with an anti-apoptotic protein. Yet the presence of 
Bcl-2 does not discriminate between Purkinje cells that 
are relatively resistant in CJD from cells that are vulnera- 
ble in OPCA. On the other hand, increased Bax im- 
munoreactivity was found in Purkinje cells in CJD. The 
latter finding would suggest increased vulnerability to 
apoptosis. However, it is worth noting that increased Bax 
mRNA and protein was also detected in granule cells of 
the dentate gyrus following kainic acid administration at 
convulsant doses to the rat, and that this particular cell 
population is resistant to the excitotoxic insult [35]. Het- 
erodimerization of Bcl-2 and Bax is critical for Bcl-2 
functions in regulating certain forms of cell death [38, 
45]. Furthermore, intracellular Bax redistribution seems 
to play a pivotal role in cell death and cell survival [27]. 
Therefore, interactions of Bcl-2 and Bax. rather than the 
mere modifications in the total levels of Bcl-2 and Bax in 
individual cells, appear to be crucial in determining 
whether a cell survives or dies. 

No differences in c-myc immunoreactivity were found 
in Purkinje cells in CJD and OPCA when compared with 
controls. These results indicate that the fate of Purkinje 
cells in these disorders is not associated with modifica- 
tions in the steady state expression of c-myc in individual 
neurons. This is in agreement with observations in vitro 
showing no modifications in the expression levels of 
c-myc in neuronal cells treated with PrP 106-126 [21]. 
Moreover, similar findings have been reported in other 
human neurodegenerative diseases, including Alzhei- 
mer's disease, Parkinson's disease and Huntington's dis- 
ease [16]. In contrast. N-myc is increased in Purkinje cells 
in CJD and OPCA. However, modifications in the expres- 
sion of N-myc are not predictors of cell death or cell sur- 
vival. 

In summary, the present findings show that Purkinje 
cells are sensitive to CJD as expression of several proteins 
regulating cell death and cell survival is increased in these 
cells. Yet enhanced expression of proteins linked to puta- 
tive cell death pathways is not associated with apoptosis 
of Purkinje cells in CJD. It is important to stress that 
Purkinje cells in CJD are subjected to loss of dendritic 
spines, reduction of dendritic arbors, occasional torpe- 
does, and formation of abnormal varicose or club-shaped 
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proximal collateral axon branches and axon terminals [2. 
1 7, 20]. Present results point to the likelihood that overe-x- 
pression of selected proteins involved in cell death path- 
ways in neurodegeneration has functional roles differing 
from those related with apoptosis. 
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Cell death signaling in the cerebellum in Creutzfeldt- Jakob disease. 
Puig B, Ferrer I. 

ActaNeuropathol (Berl). 2001 Sep;102(3):207-15. 

Departament de Biologia Cellular i Anatomia Patologica, Universitat de Barcelona, 
Hospitalet de Llobregat, Spain. 

Examination of the expression of proteins linked with signaling pathways commanding 
cell death and cell survival has been carried out to increase understanding on the 
mechanisms leading to cell death in the cerebellum in Creutzfeldt- Jakob disease (CJD). 
Expression of Fas, Fas ligand (Fas-L), ERK, MEK, Bcl-2, Bax, N-myc, c-myc, pro- 
caspase-2 and active caspase-3 was examined by immunohistochemistry in the 
cerebellum of six patients with sporadic CJD, three patients with olivopontocerebellar 
atrophy (OPCA) and six age-matched controls. No modifications in the expression of 
these proteins were observed in granule cells in CJD and OPCA when compared with 
controls, except in a few cells in the molecular and granular layers in CJD that displayed 
dense homogeneous active caspase-3 immunostaining. This suggests selective activation 
of caspase-3 in association with increased cellular vulnerability in CJD. No modifications 
in pro-caspase-2 and c-myc immunoreactivity were observed in Purkinje cells in diseased 
brains when compared with controls. However, increased diffuse Fas, Fas-L, MEK, ERK 
and Bax expression, and enhanced granular active caspase-3 immunoreactivity was found 
in the cytoplasm of Purkinje cells in CJD. Increase in Bcl-2 and N-myc occurred in 
Purkinje cells in CJD and OPCA. These results indicate that enhanced Fas, Fas-L, 
MERK, ERK, Bax and granular active caspase-3 expression is not lethal to Purkinje cells 
in CJD, whereas increased Bcl-2 and N-myc does not preclude per se cell death or death 
survival in CJD and OPCA. These findings point to the likelihood that expression of 
these cell death proteins in neurodegeneration has functional roles differing from those 
related with apoptosis. 
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FUNCTIONAL ROLE AND THERAPEUTIC IMPLICATIONS OF NEURONAL 
CASPASE-1 AND -3 IN A MOUSE MODEL OF TRAUMATIC SPINAL CORD INJURY 

M. LI,* V. O. ONA,* M. CHEN,* M. KAUL,t* L. TENNETUt X. ZHANG,§ P. E. STIEG,* S. A. LIPTONft and 

R. M. FRIEDLANDER* || 

*Neuroapoptosis Laboratory and Neurosurgical Service, Department of Surgery, f Cerebrovascular and Neuroscience Research Institute, 
and §Cardiovascular Division, Department of Medicine, Brigham and Women's Hospital, Harvard Medical School, 

Boston, MA 02115, USA 

Abstract — Evidence indicates that both necrotic and apoptotic cell death contribute to tissue injury and neurological dysfunction 
following spinal cord injury. Caspases have been implicated as important mediators of apoptosis following acute central nervous 
system insults. We investigated whether caspase-1 and caspase-3 are involved in spinal cord injury-mediated cell death, and 
whether caspase inhibition may reduce tissue damage and improve outcome following spinal cord injury. We demonstrate a 17- 
fold increase in caspase-1 activity in traumatized spinal cord samples when compared with samples from sham-operated mice. 
Caspase-1 and caspase-3 activation were also detected by western blot following spinal cord injury, which was significantly 
inhibited by the broad caspase inhibitor N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone. By immunofluorescence or in 
situ fluorogenic substrate assay, caspase-1 and caspase-3 expression were detected in neuronal and non-neuronal cells following 
spinal cord injury. W-Benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone treated mice, and transgenic mice expressing a caspase- 
1 dominant negative mutant, demonstrated a significant improvement of motor function and a reduction of lesion size compared 
with vehicle-treated mice. 

Our results demonstrate for the first time that both caspase* 1 and caspase-3 are activated in neurons following spinal cord injury, 
and that caspase inhibition reduces post-traumatic lesion size and improves motor performance. Caspase inhibitors may be one of 
the agents to be used for the treatment of spinal cord injury. © 2000 IBRO. Published by Elsevier Science Ltd. All rights reserved. 

Key words: apoptosis, ICE, zVAD-fmk, interleukin-10, neuroprotection. 



In the United States, there are 183,000-230,000 people 
surviving with disabilities resulting from spinal cord injury 
(SCI) with approximately 10,000 new cases occurring each 
year. 1 More than half of SCI survivors cannot return to their 
normal life. 2 This disappointing prognosis results in part due 
to the poor understanding of the mechanism mediating 
secondary degeneration. Neurological damage after acute 
SCI results from both the primary mechanical injury as well 
as the subsequent activation of cell death cascades mediating 
delayed tissue damage. 3 The primary injury results from 
actual mechanical tissue disruption, as well as necrotic cell 
death. Secondary degeneration results from a cascade of 
events triggered by the injury, resulting in activation of 
endogenous cell death pathways. 4t5 High dose steroids, the 
widely used treatment for SCI, target many mediators of 
secondary degeneration, but outcome remains disappointing. 6 
Reports have identified apoptosis or programmed cell death as 
an important component contributing to tissue damage 
following SCI in rats, monkeys, as well as humans. 4,5,7 " 10 
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Apoptotic cell death has been detected up to three weeks 
following SCI. 8 Since apoptosis is a tightly regulated process, 
this finding provides the opportunity to manipulate apoptotic 
pathways for the treatment of SCI. 

The critical role of the caspases in apoptosis is well 
known. 1112 Caspase-1 [interleukin- 1 p converting enzyme, 
(ICE)] has been implicated as a critical mediator of apoptosis 
following both acute CNS insults (ischemia and trauma) as 
well as models of chronic neurodegeneration (amyotrophic 
lateral sclerosis, Parkinson's disease and Huntington's 
disease). 13,19 In these animal models, caspase-1 activation 
has been demonstrated, and caspase inhibition not only 
reduced tissue damage, but also resulted in improved neuro- 
logical function. 1315 Caspase-3 activation has also been demon- 
strated in ischemia and trauma as well as in humans following 
SCI. 9,10 ' 20,21 Significant insight regarding in vivo neuronal cell 
death has been generated using a transgenic mouse expressing a 
caspase-1 -dominant negative mutant. 14,16-18 The transgene is 
caspase-1 with its active site cysteine (C285) substituted for 
a glycine (M17Z). The caspase-1 mutant is an effective 
caspase-1 -dominant negative inhibitor (and possibly of other 
caspase family members). The neuron-specific enolase pro- 
moter targets transgene expression to neurons, oligodendro- 
cytes, and astrocytes (NSE-M17Z). 14,22,23 Using this mouse, 
as well as a pharmacologic approach to inhibit caspases, we 
investigated whether caspase-1 and caspase-3 are activated 
following SCI, and if their inhibition would reduce post- 
traumatic lesion size and improve neurological recovery. 

EXPERIMENTAL PROCEDURES 

Spinal cord injury model 

A total of 1 10 mice (20-25 g) of the C57BL/6 strain (Jackson Lab, 
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Bar Harbor, ME, USA), or NSE-M17Z mice and wild-type littermates, 
which we generated in aC57BL/6 background, were used in this study. 
Transgenic mice were genotyped as previously described. 14 All efforts 
were made to minimize both suffering and number of animals used. All 
experimental procedures were in accordance with protocols approved 
by the Harvard Medical School Animal Care Committee. Mice were 
anesthetized with an i.p. injection of 2,2,2-tribromoethanol (0.02 ml of 
a 2.5% solution/g body weight). After the depth of anesthesia was 
adequate, the mouse was placed prone in a modified spinal stereotactic 
apparatus with vertebral column fixation under a stereomicroscope. 
The skin was shaved and decontaminated. A 15-20-mm midline inci- 
sion was made, and the T7-T12 levels were exposed by laterally 
separating the dorsal para-spinous muscles. Trauma was performed 
using a modification of the weight-drop method. 24 Briefly, a T8, T9, 
and T10 laminectomy was made with a high-speed micro drill 
(Harvard apparatus, Inc. Holliston, MA, USA) and a micro-rongeur 
(Fine Science Tools, Inc. Foster City, CA, USA) Following the lamin- 
ectomy, a window over the dura of at least 1.6 mm in diameter was 
made to accommodate a stainless steel impact rod with a diameter of 
1.4 mm and weight of 1.8 g. Part of the dura mater was carefully 
removed though the window for better drug penetration. Two hori- 
zontal bars of the stereotactic frame were used for vertebral column 
stabilization by clamping the T9-T10 transverse processes bilaterally. 
A vertical bar of the stereotactic frame held the cylinder supporting the 
weight rod, which was raised 10 mm above the dura and dropped onto 
the spinal cord at the T9 level. Following trauma, mice were randomly 
divided into two groups and treated with /V-benzyloxycarbonyl-Val- 
Ala-Asp-fluoromethylketone (zVAD-fmk) or vehicle [dimethylsulfox- 
ide (DMSO) 0.4%] (Enzyme Systems, Livermore, CA, USA). A piece 
of surgical gelfoam (2x2x6 mm 3 ) presoaked in 10 fxl of zVAD-fmk 
(10 jxg) or vehicle was placed over the contused spinal cord. The 
muscle and skin were sutured in layers. During surgery, mice were 
kept on a 37 °C warming blanket, and after surgery recovered in a 37°C 
incubator until fully alert. The bladder was manually expressed twice 
daily until return of reflexive bladder control. Animals had free access 
to food and water. The trauma model was equivalent in the NSE-M17Z 
and wild-type mice, with all the mice receiving vehicle treatment. 

TdT-mediated dUTP nick-end labeling and immunohistochemistry 

NSE-M17Z, zVAD-fmk or wild-type vehicle-treated mice were 
transcardiacly perfused with 4% paraformaldehyde (pH7.4) in 
phosphate buffer 8, 24 and 48 h after trauma. Samples were embedded 
in paraffin, and cut in 10-jxm sections. TdT-mediated dUTP nick-end 
labeling (TUNEL) assay was carried out using a Fluorescein Apoptosis 
Detection Kit (Promega, Madison, WI, USA) Hoechst 33342 
(Molecular Probe, Eugene, OR, USA) was used to evaluate nuclear 
morphology. Neurons were identified using anti-neuron al nuclei 
(NeuN) antibody (Chemicon, Temecula, CA, USA) 



Mature interleukin-\p determination 

Mature interleukin-l(3 (IL-ip) concentration was measured using an 
enzyme-linked immunosorbent assay (ELISA) kit (R&D Minneapolis, 
MN, USA) which is specific for mature IL-lp. Spinal cord tissue 
15 mm long, centered upon the impact area, was removed from mice 
treated with zVAD-fmk or vehicle for 24 h after SCI or from sham- 
operated mice on which only a laminectomy and dural opening were 
preformed without trauma (n — 3). Tissue was processed as previously 
described. 14 



Western blot analysis 

Spinal cord tissue was lysed in RIPA buffer (150 mM NaCl, 1% 
Nonidet P-40, 12 mM sodium deoxycolate, 0.1% sodium dodecyl- 
sulfate (SDS), 50 mM Tris-HCl, pH 7.2), supplemented with protease 
inhibitors (PMSF, leupeptin, pepstatin A, and aprotinin). Lysates were 
centrifuged and protein concentration was determined using a protein 
assay (Bio-Rad, Hercules, CA, USA). Samples were loaded (50 p.g of 
protein/lane), electrophoresed on a 15% SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) gel, and blotted to an Immobilon-P 
transfer membrane (Millipore, Bedford, MA, USA). Blots were probed 
with a monoclonal antibody against the caspase-1 p20 subunit (gener- 
ously provided by Dr. Junying Yuan), or with a polyclonal antibody 
against the pi 7 subunit of caspase-3 (generously provided by Anu 
Srinivasan, Idun, La Jolla, CA, USA) and visualized with 



horseradish peroxidase-conjugated secondary antibodies by ECL 
(Amersham). 

DNA laddering 

Spinal cord DNA was isolated according to published methods. 25 
Briefly, sham-operated mice and mice receiving zVAD-fmk or vehicle 
were euthanized 24 h after trauma. The tissue was homogenized in 
lysis buffer (10 mM Tris-HCl, 100 mM EDTA, and 0.5% SDS) and 
incubated with proteinase K (100 |xg/ml). DNA was extracted by 
phenol/chloroform/amyl alcohol (25:24:1), precipitated with 70% 
ethanol, and resuspended in TE buffer. The samples were digested 
with DNase-free RNase, and separated by electrophoresis on a 1.5% 
agarose gel. 

Detection of confonnationally active caspase-3 -like and caspase-\ 
proteases 

To demonstrate activation of caspase-3 in SCI-induced neuronal 
apoptosis, we used an affinity-labeling technique with biotinylated- 
JV-acetyl-Asp-Glu-Val-Asp-CHO (DEVD-CHO) (BIOMOL Research 
Laboratories, Inc., Plymouth Meeting, PA, USA), as previously 
described with some modifications. 26 ' 27 At indicated times, following 
deparafhnization and rehydration, sections were washed with phosphate- 
buffered saline (PBS) containing 0.05% Tween-20 and blocked in 10% 
normal goat serum for 1 h. Next, tissue was incubated with 50 |jlM 
biotinylated-DEVD-CHO for 48 h at 4°C. Following three washes 
with PBS, tissue was incubated with fluorescein avidin DCS 
(1:1000, Vector Laboratories, Burlingame, CA, USA) for 30 min. 
For double staining with an ti -caspase-3 antibody, CM1 (Idun, La 
Jolla, CA, USA) and bioltinylated-DEVD-CHO, sections were 
incubated with primary antibody CM1 (1:6000) overnight after 
biotinylated-DEVD-CHO incubation and followed by a 1 -h incubation 
with anti-rabbit TEXRED (1:200, Vector Laboratories, Burlingame, 
CA, USA). For co-staining with anti-NeuN and bioltinylated-DEVD- 
CHO, the sections were incubated with anti-NeuN antibody (Chemicon, 
Temecula, CA, USA) in dilution of 1:100 for 1 h and then probed with 
anti-mouse TEXRED (1 :200, Vector Laboratories, CA, USA). Hoechst 
33342 (0.2 |xg/ml, Molecular Probe, Eugene, OR, USA) was used for 
counterstaining. DEVD-associated fluorescence was detected using 
epifluorescence microscopy. For controls, tissue not treated with bio- 
tinylated-DEVD-CHO did not display staining, indicating that the 
affinity-labeling technique specifically detects conformational ly active 
caspase-3-like proteases. Furthermore, preincubation with unlabeled 
DEVD-CHO (300 p.M) greatly reduced biotinylated-DEVD-associated 
cellular fluorescence. For caspase-1 protease detection, specimens 
were incubated with a monoclonal antibody against the caspase-1 
p20 subunit (generously provided by Dr Junying Yuan) at 1 :3 dilution 
and probed with biotinylated anti-rat immunoglobulin followed by 
incubation in 1:1000 fluorescein avidin DCS for 1 h. The primary anti- 
body was eliminated in controls, which did not reveal a detectable 
signal. 

Quantification of apoptotic cells following spinal cord injury 

To quantitatively compare the extent of apoptosis following SCI in 
vehicle-treated, zVAD-fmk-treated, and caspase-1 -dominant negative 
mice, we performed apoptotic cell counting on TUNEL-stained 
sections from each of these groups (/i = 3). The sections (10 
thick) were obtained from the epicenter and 3 mm rostral and caudal 
to the impact site 24 h following SCI. A blinded researcher counted 
TUNEL-positive cells in five random high-power fields (40 x) from 
each section using epifluorescence microscopy, without discriminating 
between white and gray matter. 

Behavioral assessment 

All animals were blindly scored on three different behavioral tests 
adopted from previously described methods for the evaluation of 
mouse SCI models, 24 including open field, pain withdrawal, and 
platform tests. Mice were evaluated on the day before surgery, on 
post-surgical days 3 and 7, and weekly thereafter for three weeks. 

Lesion size measurement 

On post-trauma day 28, animals were euthanized with isoflurane 
and transcardially perfused with heparinized saline followed by 4% 
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Fig. 1. Post-SCI neuronal apoptosis. (A-D) A traumatized spinal cord section at the lesion epicenter 24 h after SCI was stained with Hoechst 33342 (A), NeuN 
(B) t and TUNEL (C); (D) is a superimposed image of (B) and (C). Yellow or orange cells in (D) (arrowheads) represent apoptotic neurons since they are 
TUNEL- and NeuN-positive. Green cells in (D) most likely represent non-neuronal apoptotic cells since they do not stain for NeuN. Non-apoptotic neurons in 
(D) are red (arrow). These results demonstrate that post-SCI apoptosis occurs in both neuronal and non-neuronal cells. (E) Ethidium bromide -stained agarose 
gel demonstrates a DNA ladder from a vehicle-treated mouse (lane 3) at 24 h after SCI. Laddering was virtually undetectable in traumatized zVAD-fmk- 
treated mice (lane 4) and was not visible in sham-operated mice (lane 2). Lane 1 shows 100-bp DNA ladder standard (this experiment was independently 

performed with three different sets of mice). 



paraformaldehyde (pH 7.4) in PBS. Spinal cord segments 5 mm long 
(2.5 mm rostral and caudal to the impact site) were removed and post- 
fixed in paraformaldehyde overnight and then embedded in paraffin. 
Serial transverse sections (20 u,m thick) were cut, and one of every 40 
sections was saved for lesion size measurement. The sections were 
stained with Luxol Fast Blue, by which residual white and gray matter 
are easily distinguished from the lesioned area, and Cresyl Violet to 
visualize neurons. 24 The damaged area of spinal cord was characterized 
by neuronal loss and weakly stained tissue (Fig. 6B-E). The images of 
the stained specimen were captured by a digital photographic camera 
(Sony DKC-5000) and analysed with a Scion Image System (NIH 
image 6.1) for morphometric measurement. Total lesion volumes 
were computed by integrating the lesion area of each section and the 
distance between two sections (0.8 mm) (Total lesion volume = lesion 
area of section 1 x 0.8/2 + lesion area of section 2 x 0.8/2 + lesion area 
of section 3x0.8/2+...+ lesion area of section 10x0.8/2). All 
lesion volume analyses were performed by a blinded investigator. 

Data analysis 

Data are presented as mean ± S.E.M. Statistical comparisons among 
three different groups (vehicle- treated, zVAD-treated and NSE-M17Z) 
for lesion volumes were made by one-way analysis of variance 
(ANOVA) with post-test. The behavioral outcomes were analysed by 
a two-way ANOVA with repeated measures and significant two-way 
ANOVA was followed by the Scheffe test (acceptable P < 0.05) to 
perform a series of the mean comparisons. The statistical programs 
Statistical Analysis System and GraphPad InStar were used in the 
statistic analysis, 

RESULTS 

N-Benzyloxycarbonyl- Val-Ala-Asp-fluoromethylketone treat- 
ment and caspase- l-dominant negative mutant expression 
inhibit post- spinal cord injury-mediated apoptosis 

To determine whether apoptotic cell death played a role in 
the mouse SCI weight drop model, we performed TUNEL 
staining and evaluated the presence of oligonucleosomal 
DNA degradation in traumatized spinal cord tissue. Apoptotic 
cells, some of which were stained with neuronal-specific 



markers, were incrementally detected at 8, 24 and 48 h 
following trauma (Figs 1A-D, 2A-C). Distinct oligo- 
nucleosomal DNA fragmentation was detected superimposed 
on random DNA degradation, represented as a smear of 
various molecular weights, suggesting that both apoptotic 
and necrotic cell death played a role in our mouse SCI 
model, which was reduced in zVAD-fmk- (a broad spectrum 
caspase inhibitor) treated mice (Fig. IE). The extent of 
apoptotic cell death, as evaluated by TUNEL staining, was 
reduced in mice treated with zVAD-fmk and in the caspase- 1- 
dominant negative mutant transgenic mice by 50.2% and 
54.0%, respectively (n = 3/group, P< 0.0001; Fig. 2A-C vs 
G-I, M-0 and Table 1). Treatment with the caspase inhibitor 
was performed by placing a collagen sponge loaded with 
either zVAD-fmk (10 |xg) or vehicle solvent and placing it 
over the spinal cord following the injury. TUNEL-positive 
cells and DNA degradation were not detected in sham- 
operated mice. 

Caspase-l and caspase-3 are activated following spinal cord 
injury 

Detection of mature IL-lp has been used as a sensitive and 
specific marker to determine caspase-1 activation since, in 
mice, caspase-1 is the major (if not the only) enzyme able 
to cleave pro-IL-lp. 1415,28 ~ 30 Twenty-four hours following 
trauma, mature IL-lp levels were 17-fold higher in vehicle- 
treated mice when compared with sham-operated mice 
(P < 0.001). Following SCI, zVAD-fmk treatment or mutant 
caspase-1 expression resulted in a 52.3% and 60.4% reduction 
in caspase-1 activity, respectively, when compared with 
traumatized wild-type untreated samples. These results 
demonstrate SCI-mediated caspase-1 activation, which is 
inhibited by local zVAD-fmk delivery or mutant caspase-1 
expression (Table 2). 



336 



M. Li et al 






8 hours 24 hours 48 hours 

Fig. 2. Post-SCI apoptosis is inhibited by zVAD-fmk or mutant caspase-1. Under lower magnification ( X 5), the sections obtained from the lesion epicenter at 
8 h (A, G, M), 24 h (B, H, N), and 48 h (C, I, O) following SCI show that the number of TUNEL-positive cells (green) increased over time but was reduced by 
zVAD-fmk treatment (G-I), or by mutant caspase-1 expression (M-O), when compared with wild-type vehicle-treated mice (A-C). (D-F, J-L, P-R) Images 

of the same sections as (A-C, G-I, M-O) counter-stained with Hoechst 33342. 



We assayed for the active subunits of caspase- 1 and caspase-3 
after SCI by western blotting. The immunoreactive bands of 
caspase-1 (20,000 mol. wt) and caspase-3 (17,000 mol. wt) 
were detected in spinal cord lysates 24 h after SCI. No evidence 
of the active subunits was demonstrated in sham-operated mice. 
Detection of cleaved caspase-1 and caspase-3 immunoreactive 
subunits was significantly decreased in zVAD-fmk- treated mice 
(Fig. 3). Caspase activation can result both from autocatalysis or 
activation by other activated caspases. 31,32 zVAD-fmk broadly 
inhibits caspase activity, blocking both processing of general 
caspase substrates, as well as generation of activated caspase- 
1 and caspase-3. 33 



Table 1. Number of TUNEL-positive cells 24 h post-SCI was significantly 
inhibited in zVAD-fmk -treated and NSE-M17Z mice, compared with 
vehicle-treated wild-type mice 





Number of TUNEL-positive cells 


P- value 


Wild-type/vehicle 


127.7 ± 11.1 




Wild-type/zVAD-fmk 


63.6 ± 6.7 


< 0.001 


NSE-M17Z 


58.7 ±5 


< 0.001 



Cells were counted under X40 magnification (n = 3/group, ANOVA). 
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Table 2. Mature IL-lfJ levels were measured using an ELISA specific for 
the mature form of the cytokine 





Mature IL-lp (pg/mg tissue weight) 


f-value 


Sham 


0.07 ±0.01 




SCI/vehicle 


1.21 ±0.25 


< 0.001* 


SCI/ZvAD-fmk 


0.58 ±0.03 


= 0.01** 


SCI/NSE-M17Z 


0.48 ±0.12 


= 0.02*** 



Following spinal cord injury, mature IL-lp levels in vehicle-treated mice 
were 17-fold higher than in sham-operated mice. zVAD-fmk treatment 
and NSE-M17Z expression produced a 52.3% and 60.4% decrease, 
respectively, in post-SCI mature IL-ip production compared with 
wild-type vehicle-treated mice. Data are presented as mean ± S.E.M. 
and analysed by one-way (n = 3, ANOVA). 

*P- value for comparison to sham-operated wild -type mice. 

**P- value for comparison to vehicle-treated wild-type mice after spinal 
cord injury. 

***p. value for comparison to vehicle -treated wild-type mice after spinal 
cord injury. 
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Fig. 3. Post-SCI caspase-1 and caspase-3 activation. (A) Detection of the 
caspase-1 active p20 subunit. (B) The caspase-3 active pl7 subunit by 
western blot from spinal cord ly sates 24 h after trauma. The active subunit 
was significantly reduced in zVAD-fmk -treated mice (lane 3) when 
compared with vehicle-treated mice (lane 2). No immunoreactive product 
was detected in sham-operated mouse (lane 1). These blots are representative 
of three independent experiments. 



Detection of neuronal and non-neuronal caspase-l- 
caspase-3-like signal following spinal cord injury 



and 



Significant controversy exists regarding the cell types 
expressing caspase-1 and caspase-3 in the central nervous 
system. Using the caspase-1 antibody and biotinylated 
DEVD-CHO (an activated caspase-3-like marker), and a 
specific neuronal marker to identify neurons (anti-NeuN), 34 
we stained spinal cord sections from sham-operated mice. No 
caspase-1- or caspase-3-like staining was detected in sections 
from sham-operated mice (Figs 4C, 5C). However, clear 
caspase-1- and caspase-3-like staining was detected in both 
NeuN-positive and NeuN-negative cells demonstrating 
caspase-1- and caspase-3-like induction following SCI (Figs 
4E-L, 5E-L). At the epicenter of the lesion, caspase-1- and 
caspase-3 -like staining was detected in 77% and 69% 
respectively of NeuN-positive cells (345 neurons counted in 
three mice). As a control, preincubation with DEVD-CHO 
significantly blocked subsequent biotinylated DEVD-CHO 
binding (Fig. 5M-P). In addition, biotinylated DEVD-CHO 
binding colocalized with caspase-3 immunostaining (Fig. 
5Q-T). No staining was detected in sections incubated with 
the flourescent ligand without the caspase-1 antibody or 
biotinylated DEVD-CHO. Cytoplasmic and nuclear caspase 
stainings were both detected, likely demonstrating cells in 
different stages of cell death. Caspase-1 contains a nuclear 
localization signal, and cell death-associated nuclear trans- 
location has been previously described in vitro. 35 These 
findings are consistent with the ELISA and western blot 
results. In sham-operated mice, minimal mature IL-lp was 
detected (Table 2), and there were no detectable caspase- 1 or 
caspase-3 immunoreactive bands (Fig. 3 A, lane 1; Fig. 3B, 
lane 1). Furthermore, post-SCI samples demonstrated a robust 
increase in caspase-1 activity (Table 2) as well as marked 
caspase-1 p20 (Fig. 3 A, lane 2) and caspase-3 pl7 (Fig. 3B, 
lane 2) immunoreactivity. These findings show that caspase- 1- 
and caspase-3-like signals are induced in both neuronal and 
non-neuronal cells following SCI. 
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Fig. 4. Induction of neuronal and non-neuronal post-SCI caspase-1. (A-D) Spinal cord sections of a sham-operated mouse. (E-H and I-L) Two spinal cord 
sections at the lesion epicenter from traumatized mice 24 h following the injury. (A, E f I) Hoechst 33342 staining. (B, F, J) NeuN staining. (C, G, K) Caspase-1 
staining. (D, H, L) Merged images of NeuN and caspase-1. In the merged images, both caspase-1 cytoplasmic and nuclear stainings were evident in neuronal 

and non-neuronal cells. 
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Fig. 5. Induction of neuronal and non-neuronal post-SCI caspase-3 like activity. (A-D) Spinal cord sections of a sham-operated mouse. (E-T) Spinal cord 
sections at the lesion epicenter from traumatized mice 24 h following the injury. (A, E, I, M, Q) Hoechst 33342 dye staining. (B, F, J, N } R) NeuN staining. (C, 
G, K, O, S) Active caspase-3-like staining (biotinylated DEVD-CHO). (D, H, L, P) Merged images of NeuN and caspase-3-like staining. In the merged images 
caspase-3 -like cytoplasmic and nuclear staining were demonstrated in neuronal and non-neuronal cells. (M-P) Sections preincubated with non-biotinylated 
DEVD-CHO prior to biotinylated DEVD-CHO revealed blocking of specific DEVD binding (O). (Q-T) Colocalization of activated caspase-3 antibody 

binding (CM1) with biotinylated DEVD-CHO (T). 



Post-spinal cord injury neurological deficits and lesion 
size are inhibited by N-benzyloxycarbonyl-Val-Ala-Asp- 
fluoromethylketone and by expression of a caspase-l-domin- 
ant negative mutant 

To assess post-SCI neurological deficits following trauma, 
as well as the effect of zVAD-fmk treatment (Fig. 6A-C) and 
mutant caspase- 1 expression (Fig. 6D-F) on motor function, 
a battery of tests was used by a blinded observer to evaluate 
the mice for a period of three weeks. All mice were paraplegic 
following trauma, with gradual neurological recovery over 21 
days. A two-way ANOVA with repeated measures revealed 
significant interaction between SCI group and test time in all 
behavioral tests: pain withdrawal test (zVAD/control) F l6 j 9 = 
42.54, P< 0.0001; pain withdrawal test (M17ZAVT) 
^13,49= 12-78, P< 0.0001; platform (zVAD/control) ^78 = 
9.69, P< 0.0001; platform (M17ZAVT) ^3,49 = 7.41, 
P< 0.0001; open-field (zVAD/control) F 1679 = 14.81, P< 
0.0001; open-field (M17ZAVT) F 13j49 = 15.39; P < 0.0001. 

All behavior tests, except for the platform test (zVAD-fmk/ 
control), demonstrated a significant improvement following 



SCI by either zVAD-fmk treatment or mutant caspase- 1 
expression when compared with vehicle-treated wild-type 
mice. Of the zVAD-fmk-treated and caspase- 1-dominant 
negative mice, 80% and 83%, respectively, achieved a weight 
bearing functional recovery (grade 3 or better on the open- 
field testing), compared with 13% in the control group 
(Fig. 6C, F). Significant differences between the two groups 
were not detected in any of the tests prior to day 5, suggesting 
that caspase inhibition does not affect the symptomatic mani- 
festation resulting from the initial injury. However, delayed 
cell death, likely resulting from caspase-mediated apoptotic 
mechanisms, was inhibited by zVAD-fmk and by mutant 
caspase- 1, therefore providing neurological protection from 
the delayed consequences of the initial injury. 

To evaluate the effect of caspase inhibition, serial sections 
stained with Luxol Fast Blue and Cresyl Violet were examined 
by light microscopy for morphometric lesion analysis. The 
injured tissue was easily distinguished from spared tissue by 
a clear boundary, as demonstrated in Luxol Fast Blue-stained 
sections. The lesioned area was replaced by a dense astroglial 
scar (Fig. 7A-D). Mice treated with zVAD-fmk or expressing 



Pain withdrawal test 



Functional role of neuronal caspase-1 and -3 in spinal injury 

B piatf rmtest ^ 



339 



Open Field Test 





* 






A' 


















/ / 






r / 












r 




/ / 















Days after trauma 



Days after trauma 



Days After Trauma 



Pain withdrawal test 



Platform test 



Open field test 





* T 


* 


^ A 

A'' 


1 Vs 






Days after trauma 



Days after trauma 




Days after trauma 



Fig. 6. zVAD-fmk and mutant caspase-1 expression improve post-SCI neurological outcome. zVAD-fmk-treated (A-C) and mutant caspase-1 transgenic (D-F) 
mice were blindly evaluated for a period of three weeks following trauma using the pain withdrawal test (A, D), the platform test (B, E), and the open field test 
(C, F). All mice were paraplegic following trauma, with gradual neurological recovery over 21 days. All three functional tests, except for the platform test (B), 
demonstrated a significant improvement in the zVAD-fmk-treated and mutant caspase-1 transgenic groups (circles, solid line) compared with the control 
(squares, dashed line) (n = 5-8/group, Scheffe test, */ > <0.05). Significant differences were not detected prior to day five. 



mutant caspase-1 had a 38.2% and 49.3% reduction in lesion 
size, respectively, when compared with wild-type vehicle- 
treated mice (Table 3, n = 5-8/group, ANOVA, P< 0.05, 
P<0.01). In addition, to further validate our trauma 
model as well as the relation of the lesion size and the 
behavioral score, the Pearson product moment correlation 
was calculated between the two variables. We found a high 
degree of correlation between behavioral score and lesion size 
( r =_0.94, P< 0.001, Fig. 7E). 

DISCUSSION 

This study demonstrates for the first time both caspase-1 
and caspase-3 activation in neuronal and non-neuronal cells 
following SCI. Adding therapeutic relevance to this finding, 
local delivery of zVAD-fmk, or use of a caspase-1 -dominant 
negative transgenic mouse, reduced post-traumatic tissue 
damage and improved neurological recovery. Recently, 
apoptotic cell death has been detected following SCI in rats, 
monkeys and humans. 4,8,9 Apoptotic cell death following SCI 
was first detected in an experimental rat model. In a rat model, 
TUNEL- positive cells were detected from 4 h to three weeks 
after SCI, suggesting that a prolonged post-traumatic 
therapeutic window might exist for intervention. 4,8 Apoptotic 
cell death was also detected in remote degenerating fiber 
tracts in monkey, suggesting that apoptosis is associated 



with Wallerian degeneration of long spinal tracts. 4 More 
recently, a study of 15 patients who died between 3 h and 
two months after SCI reported apoptotic cell death in 
human spinal cords. 9 Cycloheximide, an inhibitor of protein 
synthesis, has been demonstrated to reduce SCI-mediated 
tissue damage and improve motor recovery. The beneficial 
effect of cycloheximide treatment might have resulted from 
inhibition of protein synthesis-dependent apoptosis. 8 

Since apoptotic cell death occurs in all the spinal cord 
cellular components, including neurons, astrocytes, oligo- 
dendrocytes, and microglia, decreased lesion size as well as 
improved motor function likely result from inhibition of cell 
death in all the different cell types. 8,36 Neuronal protection is 
clearly important because of the inability of neurons in the 
spinal cord to regenerate. Despite the fact that glia can regen- 
erate, inhibiting glial death confers neuroprotection by at least 
two likely mechanisms. First, glia supply neurotrophic and 
metabolic support to injured neurons as well as to axonal 
pathways likely required for recovery of sublethal injured 
cells. 37 " 39 Second, during apoptosis, dying cells secrete 
additional mediators of apoptosis, such as cytokines, and free 
radicals, which have an additive toxic effect to other adjacent 
cells, likely enhancing further neurodegeneration. 40-43 

In the present study, we demonstrate that, following SCI, 
TUNEL-positive cells were detected in increasing numbers at 
8, 24 and 48 h. TUNEL-positive cells were first detected (8 h) 
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Fig. 7. zVAD-fmk and mutant caspase-1 expression reduce post-SCI tissue injury. (A-D) Spinal cord sections stained with Luxol Fast Blue and Cresyl Violet. 
(A) Normal spinal cord. (B, C) Representative slices at the lesion epicenter in vehicle (B) and zVAD-fmk-treated mice (C). (D) Under high magnification, 
there is a clear border between post-traumatic scar and normal tissue (white arrows). (E) Analysis of the correlation factor on individual mice between 
total behavior score (sum of the three behavioral tests at day 21) and lesion size (diamond = vehicle-treated wild type, circle — zVAD-fmk treated, and 
triangle = NSE-M17Z) (r= -0.94, P < 0.001, Pearson product moment correlation test). 



adjacent to the site of injury where the magnitude of the 
triggering event is maximum. However, TUNEL-positive 
cells were also detected at later times (24 and 48 h) at 
increasing distances from the site of impact. As seen in 
cerebral ischemia models, this finding is consistent with a 
graded activation of apoptotic pathways, wherein the time 
for detection of TUNEL positivity is proportional to the 
severity of the insult. 18,44 With immunohistochemistry we 
demonstrated that apoptosis occurs in both neuronal and 
non-neuronal cells. Consistent with experimental SCI models 
in rats, 8 we demonstrated DNA fragmentation in the mouse 
weight-drop SCI model. In addition, this is the first study to 



demonstrate specific neuronal expression of both caspase-1 
and caspase-3 following spinal cord injury. 

Caspase-1 appears to play a role in tissue injury by 
participating in both apoptotic and inflammatory pathways. 
Caspase-1 -mediated generation of mature IL-lp has been 
demonstrated to play a role in neuronal cell death as well as 
in inflammatory pathways. 40,42,45 Decreased tissue damage 
and improved neurological outcome resulting from caspase-1 
inhibition likely result from interfering with both apoptotic 
and inflammatory pathways. Our findings do not distinguish 
the possible contributions to delayed neurodegeneration 
resulting from these two important mechanistic pathways. 
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Table 3. Total lesion volume four weeks after SCI in mice treated 
with zVAD-fmk and NSE-M17Z mice had a 38.2% and 49.3% reduction, 
respectively, when compared with those in vehicle -treated mice (n = 5-8/ 
group, ANOVA) 





Lesion volume (mm 3 ) 


P- value 


Wild-type/vehicle 


0.55 ± 0.04 




Wild type/zVAD-fmk 


0.34 ± 0.08 


<0.05 


NSE-M17Z 


0.28 ± 0.03 


<0.01 



Effective therapy following SCI requires a comprehensive 
approach targeting several potential reversible factors 
contributing to delayed neurological dysfunction. Local 
components responsible for acute post-SCI neurological deficits 
can be reversible or irreversible. At present, irreversible 
factors include cord transection and interruption of axonal 
pathways. If treated sufficiently early, potentially reversible 
factors include compression-mediated ischemia, astroglial 
scar formation, cell death, damage resulting from swelling, 
inflammation and oxidative stress. 3 Potential agents targeting 
different reversible factors include inhibitors of swelling and 
inflammation (steroids, caspase-1 inhibitors), inhibitors of 
scar formation (CM 1 01), apoptosis inhibitors (caspase 
inhibitors), inhibitors of excitotoxins (memantine), among 
others. 37,46 ~ 49 As demonstrated in this study, following acute 
surgical decompression and stabilization, local delivery of 
caspase inhibitors can be one of the components of an SCI 
treatment protocol in humans. Unlike the case in traumatic 
brain injury, the localized nature of the injury makes the 
spinal cord particularly suited for the local delivery of a 
therapeutic agent such as a caspase inhibitor. 

Using in vivo models, previous studies have demonstrated 



in mice that caspases are important mediators of apoptosis 
induced by both acute and chronic CNS insults, including 
brain trauma, cerebral ischemia, amyotrophic lateral 
sclerosis, Huntington's disease, and Parkinson's disease. 14 " 18 
Pharmacological inhibition of caspase-1 or expression of a 
dominant negative caspase-1 inhibitor in transgenic mice 
produced substantial neurological and survival improvement 
in the above cell-death paradigms. Caspase-3, another 
important mediator of apoptosis, has also been implicated to 
contribute to neuronal apoptotic cell death in trauma and 
ischemia as well as in neurodegenerative diseases. ia20 ' 21 ' 50 ' 51 
Caspase-3 activation has recently been demonstrated in 
human spinal cord samples following SCI. 9 Data presented 
here demonstrate in a mouse model that both caspase-1 and 
caspase-3 are activated after SCI and that pharmacological 
inhibition with zVAD-fmk significantly blocked their 
activation as well as decreased the extent of SCI-induced 
apoptosis. Moreover, caspase inhibition by either local 
delivery of zVAD-fmk or expression of a caspase-1 -dominant 
negative mutant significantly reduced lesion size and 
improved motor function following SCI. These results 
demonstrate for the first time an important functional role 
for caspase-mediated apoptosis in tissue damage and 
neurological dysfunction following SCI. Therefore, caspase 
inhibition could be a rational targeted strategy for the 
treatment of SCI. 
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Apoptosis is an important biological process in eu- 
karyotes in which individual cells die by activating 
an intrinsic suicide mechanism. Apoptosis is dis- 
tinguished from necrotic cell death by morphological and 
biochemical criteria. Apoptosis is an active process of cell 
destruction characterized by cell shrinkage, chromatin ag- 
gregation with genomic fragmentation, and nuclear pyk- 
nosis. 27 - 3 . 1 In contrast, necrosis is characterized by passive 
cell swelling, intense mitochondrial damage with rapid 
energy loss, and disruption of internal homeostasis. Ne- 
crosfs leads to membrane lysis and release of intracellular 
constituents that evoke an inflammatory reaction. ia37 - 43 

Apoptosis has long been known to occur as a form of 
neuronal cell death during embryonicdevelopment 22 * 25 and 
has been observed more recently following damage to 
the nervous system caused by ischemia, neurodegenera- 



tive conditions, inflammatory diseases, and traumatic in- 
juries. 3 ' 6 - 22 - 24 - 41 - 44 ' 46 - 50 - 54 Caspases are a family of cysteine pro- 
teases that play an important role in the effector phase of 
apoptosis. Caspase-3, in particular, has been shown to be 
important in neural development and injury. Gennhne 
deletions of this protease led to severe neurological de- 
fects in mice. 34 The contribution of caspace-3 activity and 
apoptosis to neuronal cell death after traumatic brain in- 
jury 54 and experimental transient ischemia 24 - 41 has been re- 
ported. In both injury paradigms, the use of caspase in- 
hibitors not only reduced the extent of apoptosis, but also 
resulted in functional behavioral improvement in the aru- 

"^The presence of apoptosis in spinal cord injury (SCI) 
following a contusion has been reported recently in rats 
and monkeys. 11 - 32 - 35 - 36 In these studies, it was shown that 
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TABLE 1 



Summary of the clinical data of the 15 patients with SCI* 




Sot- 


Age 




Cause 


Neuro- 








Case 


vival 


(yrs), 


Injury 


of 


logical 


Classification 




Presence & Location of 


No. 


"Time 


Sex 


Level 


Injury 


Status 


of Injury 


Histopathologic^ Findings at Lesion Epicenter 


Wallerian Degeneration 


1 


3 hrs 


72, M 


T-6 


fall 


complete 


massive com- 
pression 


maceration & hemorrhagic components 


no wallerian degeneration 


2 


3 days 


67, M 


C-6 


fall • 


incomplete 


solid cord 


minor increase in interstitial spaces 


subtle, above 


3 


6 days 


74, M 


C6-7 


MVA 


complete 


massive com- 
pression 


all neural tissue damaged at epicenter 


mild, above 


4t 


8 days 


20, F 


C7-8 


GSW 


complete 


laceration 


subtotal destruction of neural tissue at epicenter 


moderate, above & below 


5t 


10 days 


22, M 


C-7 


diving 


incomplete 


contusion 


macerated tissue & phagocytic response at 
epicenter 


mild, asymmetric; above & 
below 


6 


12 days 


59, M 


C-6 


MVA 


complete 


contusion 


major loss of neural tissue at epicenter 


severe, above & below 


7 


12 days 


16. F 


T-ll 


GSW 


complete 


laceration 


all neural tissue damaged at epicenter 


very subtle, above & below 


S 


12 days 


19, M 


L-l 


GSW 


complete 


contusion 


macerated tissue at epicenter; vascular infarction 
proximal to epicenter 


severe, up to C-3 & below 


9 


15 days 


38, M 


T-5 


GSW 


complete 


laceration 


spinal cord transected at T-5; necrotic tissue at T-4 


moderate, above & below 














w/ invasion of macrophages 




10 


16 days 


43, M 


C5-6 


fall 


complete 


contusion 


large blood- filled cavities w/ macrophage invasion 
at epicenter; preserved axon/myelin units in 
extreme periphery of most of cord 


mild 


11 


16 days 


80, M 


C-6 


fall 


complete 


contusion 


large destruction of cord tissue w/ macrophages & 


mild, more present above 














hemorrhage 


than below 


12 


17 days 


70, M 


C-8 


MVA 


complete 


contusion 


loss of neural tissue at epicenter 


moderate, above & below 


13 


17 days 


17, F 


C6-7 


MVA 


complete 


contusion 


macerated tissue in ventral & central portions of 


moderate, more present 














cord at epicenter 


above than below 


!4 


45 days 


67, M 


C5-7 


fail 


complete 


contusion 


large destruction of cord tissue at epicenter 


moderate, above & below 


15 


60 days 


68. F 


T-5 


fall 


incomplete 


contusion 


loss of motor neurons at epicenter & diffuse axonaJ 


severe in dorsal columns 














injury throughout dorsal columns & lateral & 
ventral corticospinal tracts 





* GSW = gunshot wound; MVA = motor vehicle accident 

t Received methylprednisolone according to the Second National Acute Spinal Cord Injury Study protocol. 



apoptosis contributed to the tissue damage seen after SCI. 
Apoptotic cell death was observed in both neurons and 
oligodendrocytes 11 - 36 and was prominent in the white mat- 
ter, in which wallerian degeneration was simultaneously 
observed. A time course analysis in rats 36 revealed that 
apoptosis occurred as early as 4 hours postinjury and 
could be seen in decreasing amounts as late as 3 weeks 
after SCI. 

We initiated this study to determine whether apoptosis 
is an important factor after human SCI by examining the 
spinal cords of patients who died between 3 hours and 2 
months postinjury. Apoptosis in these 15 patients was 
assessed using multiple criteria, including nuclear mor- 
phology, chromatin staining techniques, and immuno- 
staining for a processed form of caspase-3. We also deter- 
mined the spatial and temporal expression of apoptotic 
cells and the nature of the cells involved in programmed 
cell death. 

Clinical Material and Methods 

Patient Population 

This study was based on postmortem examination of 
spinal cord tissue from five control patients without SCI 
and 15 patients who died at different time points after an 
SCI. Fifteen specimens were obtained from the Miami 
Project's Human Spinal Cord Injury Bank, which contains 
more than 100 injured human spinal cords. The cases were 



selected based on the short interval between SCI and death 
(0-2 months) and the availability of tissue above and 
below the lesion site. 

Preparation of Specimens 

The spinal cords had been removed at autopsy, usually 
within 16 hours after death. They were then fixed in 10% 
neutral buffered formalin for a minimum of 15 days, after 
which they were stored in 0.1 M phosphate buffer at 4°C. 
Selected tissue blocks were taken at the epicenter and at 
three consecutive root levels above and below the injury. 
Samples from each of these regions were dehydrated, 
embedded in paraffin, and cut in 7-|xm-thick cross-sec- 
tions. 

Sections were stained with hematoxylin and eosin 
and cresyl violet (15 samples), terminal deoxynucleotidyl 
transferase (TdT)-mediated deoxyuridinetriphosphate 
nick-end labeling ([TUNEL], five samples), or Hoechst 
33342 (four samples), and immunostained with CM 1, an 
antibody that preferentially recognizes the processed form 
of caspase-3 (10 samples). Sections from control spinal 
cords (five samples) were stained with cresyl violet and 
immunostained with the CM 1 antibody. Wallerian de- 
generation in white matter tracts was assessed using a sil- 
ver stain for axons (Sevier-Munger) and a myelin stain 
(solochrome-cyanine) on adjacent sections. Regions un- 
dergoing wallerian degeneration contained swollen, frag- 
mented, or absent axons in the same areas in which myelin 
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Fig. I. Photomicrographs showing apoptotic nuclei (arrowheads) within the traumatized human spinal cord stained 
with cresyi violet (A and B), H & E (C), and Hoechst 33342 (D). Apoptotic nuclei appear as condensed, clumped frag- 
ments. Bar = 20 u-m. 



was distorted or collapsed. Wallerian degeneration was 
quantified in the white matter above and below the lesion 
according to four levels of severity: subtle, mild, moder- 
ate, and severe. 

Staining With the TUN EL Technique 

To determine whether DNA fragmentation characteris- 
tic of apoptosis occurs, we stained spinal cord tissue by 
using the in situ TUNEL technique. 19 Spinal cord sections 
were deparaffinized in xylene- for 5 minutes and then rehy- 
drated sequentially in 100%, 95%, 75%, and 50% ethanol. 
The sections were incubated with 50 jxg/ml proteinase K 
for 5 minutes to strip off nuclear proteins. The TUNEL 
staining was completed using the apoptosis in situ kit 
according to the manufacturer's instructions. 

Briefly, sections were immersed in equilibration buffer 
for 10 minutes and then incubated with TdT and de- 
oxyuridinetriphosphate-fluorescein isothiocyanate in a 
humidified chamber at 37°C for 1 hour. The sections were 



washed with 0. 1 M phosphate-buffered saline (PBS) at pH 
7.4 and counterstained with propidium iodide (a nuclear 
stain) for 10 minutes. As a positive control we pretreated 
slides with DNAase to produce TUNEL-positive stain- 
ing of all nuclei, and the negative controls were incubated 
without TdT enzyme. Sections were examined and pho- 
tographed using fluorescence microscopy. 

Hoechst 33342 Staining 

Spinal cord sections were deparaffinized with xylene 
for 5 minutes, rehydrated, and.r4Rsed~with 0. 1 M PBS. The 
sections were stained with one drop of glycerol/PBS solu- 
tion containing 5 jjlI Hoechst 33342 dye (5.6 mg in 10 ml 
PBS). 

Immunostaining for Processed Form of Caspase-3 With 
the CM 1 Antibody 

Spinal cord sections were deparaffinized as described 
earlier, rinsed in 0.01 M PBS, and treated for 30 minutes 



A 


B 


c — 





















Fig. 2. Photomicrographs showing TUNEL-labeled cells in the spinal cord at the epicenter level. Cross-sections of the 
spinal cord demonstrate a single TUNEL-positive labeled nucleus that appears small and fragmented (A and B, arrow- 
head), among numerous normal nuclei counterstained by propidium iodide nuclear dye (B). On double exposure (C), the 
apoptotic cell is yellow (arrowhead), whereas the normal nuclei remain red. Bar = 50 u-m. 
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FfG. 3. Photomicrographs showing CM 1 immunostaining of 
the dorsal columns at low (A) and high magnification (B) demon- 
strating a number of dark and shrunken cells (arrows) containing 
condensed and clumped chromatin. The staining for processed 
CPP-32 is evident within the nucleus (B). Bar = 200 jxm (A), 10 
u,m (B). 



with 3% H 2 0 2 in 10% methanol. The sections were 
blocked for 1 hour in 5% normal goat serum with 0.1 M 
PBS and 0.1% Triton X-100. The primary antibody CM 1 
(0.012 ixg/ml) was applied and the preparations were left 
overnight. The following morning, the sections were fixed 
for 10 minutes in 0.01 M PBS containing 0.1% glu- 
taraldehyde. The sections were incubated for I hour with 
a biotinylated secondary antibody, followed by a 1-hour 
incubation with an avidin-biotin complex (ABC) reagent. 
Sections were then incubated for 10 minutes in 0.5% 
biotinylated tyramine 1% H 2 0 : solution in 0.01 M PBS. 
They were reincubated 1 in the ABC reagent for 30 min- 
utes. The stain was developed in diaminobenzidine and 
FLO, and enhanced by nickel chloride in PBS. The sec- 
tions were rinsed, dehydrated, mounted on a coverslip, 
and examined under the light microscope. Sections from 
uninjured control cases were processed using the same 
protocol. 



Immunostaining for Glial Fibrillary Acidic Protein, 
CNPase, CD45, and CD68 

Immunohistochemical techniques were used to detect 
the following antigens: glial fibrillary acidic protein 
(GFAP), 2\ 3'-cyclic nucleotide 3'-phosphohydrolase 
(CNPase), and CD45/CD68. Glial fibrillary acidic protein 
GFAP is an astrocyte marker; CNPase is a myelin protein 
in the central nervous system and has been shown to be 
specific for oligodendrocytes; 45 and CD45 and CD68 were 
used to study activated microglia and macrophages. 

Tissue sections were deparaffinized and endogenous 
peroxidase activity was blocked with 0.3% H 2 0 2 in 100% 
methanol. Sections were incubated with either 0.3% Tri- 
ton X-100 in 0.1 M PBS (GFAP) or with Tris (pH 7.6) 
containing 10% normal goat serum. The sections were in- 
cubated overnight at room temperature with the following 
monoclonal antibodies: GFAP 1:200, CD45 1:100, CD68 
1:100, and CNPase 1:800. This was followed by sequen- 
tial incubation with biotinylated secondary antibody, ABC 
with horseradish peroxidase, 33 '-diaminobenzidine, and 
H 2 0 2 . The slides were then counterstained with 2% cresyl 
violet, dehydrated, and mounted. Omission of the primary 
antibody served as a negative control. 

Sources of Supplies and Equipment 

The proteinase K and Hoechst 33342 dye were pur- 
chased from Sigma Chemical Co., St. Louis, MO. The 
apoptosis in situ kit was acquired from Chemicon Inter- 
national, Inc., Temecula, CA. The Ajciophot fluorescent 
microscope was obtained from Zeiss, Inc., Oberkochen, 
Germany. The primary antibody CM 1 was a generous gift 
from IDUN Pharmaceuticals, Inc., La Jolla, CA. The bio- 
tinylated secondary antibody and ABC reagent (Vecta- 
stain) were acquired from Vector Laboratories, Burlin- 
game, CA. The monoclonal antibodies GFAP, CD45, and 
CD68 were purchased from Dako Corp., Carpenteria, CA, 
and the CNPase from Sternberger Monoclonals, Inc., 
Baltimore, MD. 



Results 

Clinical Data 

The mean age of the 15 patients with SCIs (Table 1) 
was 49 years (range 16-80 years) and the mean age of the 
five control patients was 55 years (range 33-77 years). 
The principal causes of death in the patients with SCIs 
were pulmonary embolism (six patients), pneumonia (six 
patients), hemothorax with cardiac arrest in one, and an 
unknown cause in two patients. The causes of death for 
the control patients were cardiovascular disease in two 
and a motor vehicle accident (without head injury or SCI) 
in three. Only two patients with SCI (Cases 4 and 5) 
received methylprednisolone according to the Second 
National Acute Spinal Cord Injury Study protocol. 8 

Ten patients suffered a cervical and four a thoracic 
SCI, and one case consisted of a conus medullaris injury. 
Twelve patients presented with a complete motor and sen- 
sory loss below the level of their injury, whereas three 
experienced incomplete loss. The cause of injury was 
variable and included falls (six patients), motor vehicle 
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TABLE 2 

Distribution and quantification ofapoptotic cells per sectionf 



Case Injury Apoptotic 



No. 


Level 


Cells 


Epicenter Level 


1 


T A 


yes 


• 

no viable tissue 


T 




yes 


edges of lesion* 


_S 


L.O— / 


yes 


no viable tissue 


4 


C7-8 




cugci or lesion 


5 


C-7 


yes 


edges of cavity* 


6 


C-6 


yes 


edges of lesion* 


7 


T-ll 


yes 


edges of lesion* 


8 


L-l 


yes 


no viable tissue 


9 


T-5 


yes 


no viable tissue 


10 


C5-6 


no 




11 


C-6 


yes 


edges of lesion** 


12 


C-8 


yes 


edges of lesion** 


13 


C6-7 


yes 


edges of lesion*** 


14 


C5-7 


yes 


edges of lesion* 


15 


T-5 


yes 


edges of lesion* 



1-3 Levels Above Epicenter 



1-3 Levels Below Epicenter 



normal tissue* T-5; no apoptotic cells above T-5 

dorsal columns* 

dorsal columns** 

dorsai columns (fx gracilis)* 

no apoptotic cells from C5-7 

dorsal columns, spinocerebellar tracts** 

dorsal columns* 

dorsal columns (T-ll) & a few cells in CST & 

spinocerebellar tracts*** 
spinothalamic tract (T-3)* 

dorsal columns (fx gracilis); spinothalamic tracts* 
dorsal columns & spinocerebellar tracts** 
dorsal columns & spinothalamic tracts** 
dorsal columns* 

dorsal columns*; no apoptotic cells above T-3 



normal tissue; no apoptotic cells 

ventral CST, lat CST*; no apoptotic ceUs below C-8 

at edges of central cavity* 

ventral CST (T-I)*; no apoptotic cells below T-2 

dispersed at C-8*; no apoptotic cells at T-l & below 

ventral CST* 

dispersed T12-L1*; no apoptotic cells below L-2 
ventral CST L3-5** 

no apoptotic cells T4-8 

ventral CST** 

no apoptotic cells at T-l & beiow 
ventral CST & lat CST** 
ventral CST & lat CST* 
ventral CST* 



t Asterisks represent 
- = not applicable. 



the stratification of cell counts per section: * = 1-15; ** = 15-30; *** = 30-45. Abbreviations: CST = corticospinal tract; fx = funiculus; 



accidents (four patients), gunshot wounds (four patients), 
and a diving accident (one patient). 

Histological Data 

We analyzed cross-sections of the lesion epicenter and 
rostral and caudal levels in tissue obtained in 15 patients 
who died between 3 hours and 60 days after their SCI. 
According to the classification established by Bun?e, et 
al., 9 nine patients presented with a contusion/cavity lesion, 
two with a massive compression, three with a laceration 
lesion, and one with a solid spinal cord syndrome. 

All patients except the one in Case 2 showed significant 
destruction of the spinal cord parenchyma at the epicenter 
of the injury. Signs of wallerian degeneration in the white 
matter occurred as early as Day 3 postinjury and thereafter 
spread rostral and caudal to the lesion, with more ad- 
vanced degeneration of the ascending tracts. In one patient 
(Case 8), the contusion was associated with a vascular 
infarction proximal to the epicenter and a pattern of obvi- 
ous wallerian degeneration. 

Morphological Appearance of Apoptotic Cells 

Apoptotic nuclei were found in 14 of the 15 cases on 
hematoxylin and eosin- and cresyl violet-stained sections 
(Fig. 1A-C). Cells containing apoptotic nuclei exhibited 
evidence of cytoplasmic shrinkage. The nuclei themselves 
demonstrated chromatin condensation or aggregation into 
small and dark nuclear fragments. Staining with Hoechst 
33342 revealed typically small and bright fragmented 
nuclei (Fig. ID). No apoptotic bodies were detected on 
cresyl violet-stained sections from the five uninjured con- 
trol patients. 

The in situ TUNEL technique (Fig. 2A) combined with 
propidium iodide (Fig. 2B) also demonstrated apoptotic 



TUNEL-positive nuclei as double-stained (yellow), frag- " 
mented nuclei (Fig. 2C) among numerous propidium io- 
dide-positive cells. The location and quantity of apoptot- 
ic nuclei observed using this technique correlated with the 
number of apoptotic nuclei observed with hematoxylin 
and eosin- and cresyl violet-stained sections (paired t- 
test, p = 0.16; correlation coefficient 0.83). 

The presence of apoptotic cells was also demonstrated 
m sections immunostained with the CM 1 antibody. Most 
positive nuclei were dark and shrunken and contained 
condensed, clumped chromatin (Fig. 3A and B). Relative- 
ly more apoptotic cells were detected after CM 1 antibody 
staining compared with cresyl violet staining. As cresyl 
violet staining was used to detect apoptotic bodies and 
caspase-3-positive cells did not necessarily contain these 
bodies, the implication is that immunostaining for cas- 
pase-3 activation detects apoptosis at an earlier stage. 
Staining with caspace-3 was also negative in Case 10, in 
which no apoptotic cells were shown in cresyl violet- 
stained sections. Staining with caspase-3 showed one to 
two positive cells per section in tissue obtained in one 
control patient (73 years old, died of cardiovascular dis- 
ease), whereas tissue from the four other uninjured control 
patients was negative. Other potential explanations for the 
few apoptotic cells seen in tissue obtained in the one con- 
trol case are the patient's advanced age and associated 
vascular disease. 

Temporal and Spatial Distribution of Apoptotic Cells 

Apoptotic cells were seen between 3 hours and 2 
months postinjury. Although too few cases were analyzed 
to allow a correlation between the time after SCI and the 
number ofapoptotic cells, most of these cells were seen in 
tissue obtained in patients who died between 3 days and 3 
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Above the epicenter 




At the epicenter 




Below the epicenter 

Fig. 4. Schematic diagram demonstrating the spatial distribu- 
tion of apoptotic cells in the spinal cord of the patient in Case 13, 
who died 1 7 days postinjury. The apoptotic bodies were identified 
on cresyl violet-stained sections and are represented as either filled 
circles at the epicenter level, empty circles above, or filled triangles 
below the lesion. 



weeks after the SCI. Incomplete neurological injury was 
associated with fewer apoptotic bodies (Cases 2, 5, and 
15). When ischemia was associated with the primary in- 
jury, as in Case 8, a large number of apoptotic nuclei were 
observed throughout the levels studied. 

Most apoptotic cells were randomly distributed in the 
rim of surviving tissue around the epicenter of the SCI and 
within the adjacent white matter (Table 2), and none was 
identified in the gray matter. Apoptotic cells were seen in 
areas of wallerian degeneration in the white matter above 
and below the epicenter. Rostral to the lesion epicen- 
ter, apoptosis was associated with axonal degeneration 
in ascending tracts, especially the funiculus gracilis, the 
spinoreticular, the spinothalamic, and the spinocerebellar 
tracts. Degeneration and apoptosis were absent in the re- 
gions containing descending motor pathways. Apoptosis 
was associated with the degenerating axons in the de- 



scending tracts caudal to the lesion, especially the ventral 
corticospinal, reticulospinal, and vestibulospinal tracts; it 
was less prevalent in the lateral corticospinal or rubro- 
spinal, and no apoptotic cells were seen in the caudal as- 
cending tracts. Apoptotic cells were seen in much larger 
numbers in ascending than in descending tracts, and wal- 
lerian degeneration was present earlier in the ascending 
tracts than in the descending tracts. There appeared to be 
a good correlation between apoptosis and wallerian de- 
generation. A schematic diagram (Fig. 4) demonstrates 
the spatial distribution of apoptotic cells at the SCI epi- 
center as well as above and below the lesion in the spinal 
cord of the patient in Case 13, who died 17 days post- 
injury. 

Apoptotic Cell Type 

To identify the type of cells undergoing apoptosis, dif- 
ferent antibodies directed against astrocytes (GFAP), 
oligodendrocytes (CNPase), and macrophages or activat- 
ed microglia markers (CD45, CD68) were assayed. Apop- 
totic bodies were not seen in astrocytes (data not shown). 
Immunostaining with CNPase demonstrated that apop- 
totic cells (identified using cresyl violet counterstain) 
were present within oligodendrocytes adjacent to myelin 
sheaths in degenerating white matter tracts (Fig. 5). Mac- 
rophages or activated microglia were seen engulfing frag- 
ments of apoptotic cells. Apoptotic bodies in proximity to 
cells unstained with microglia markers were also observed 
(Fig. 6). 

Discussion 

Apoptosis is a form of physiological cell death, also 
defined as programmed cell death, in which cells die and 
are engulfed by phagocytes without discharging cytosolic 
contents into the extracellular space and without initiating 
an inflammatory reaction. 10 The cell surface membrane 
begins to form blebs and express prophagocytic signals, 
the cell shrinks and severs contact with its neighbors, 
chromatin becomes condensed and cleared, and eventual- 
ly the whole cell fragments into membrane-bound vesicles 
that are rapidly ingested by neighboring cells. The apop- 
totic process can be rapid when compared with necrotic 
cell N death. and the debris is removed with similar swift- 
ness. 27 - 37 Because the process is rapid, quantification of the 
number of apoptotic cells on any given cross-section un- 
derestimates the extent to which apoptosis contributes to 
the death of cells at the injury site. 52 

The genetic control and the biochemical markers of 
apoptotic cell death were initially elucidated in the round- 
worm Caenorhabditis elegans, and CEP 3 was identified 
as a gene encoding a protein involved in programmed cell 
death in this maturing roundworm. 29 The mammalian 
homologs of cell death mechanisms consist of the CED 
3/ICE (interleukin- 1 (3-converting enzyme) family of cys- 
teine proteases (caspases), 17 - 38 - 40 in which the prototype is 
the ICE. The mammalian caspase family is composed of 
at least 10 known members. 2 One of these is caspase-3 
(Yama, apopain), which has been definitively implicated 
in apoptosis. 16 - 26 The essential role of caspases in verte- 
brate apoptosis is consistent with their activity as the prin- 
cipal eiffectors of apoptosis through their proteolytic 
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' Fig. 5. Photomicrographs showing oligodendrocytes immunostained with CNPase and nuclei counterstained with cre- 
syl violet Normal oligodendrocytes are seen (A), as well as multiple apoptotic oligodendrocytes (arrows) (B and C). 
Bar = 50 jim. 



action on specific targets. One of the final effectors of cell 
death is activation of endonucleases that induce fragmen- 
tation of nuclear DNA into 185 -bp fragments. 30 In a num- 
ber of reports caspases have been implicated as important 
s during apoptosis of neurons and astrocytes, and it has 
< been suggested that caspase-3 was the principal effector in 
the apoptotic pathway. 4 - 33 Moreover, caspase-3 activation 
was never observed in necrotic cell death. 4 - 26 Hisahara, et 
al., 26 demonstrated that caspase-1 (ICE) and caspase-3 
(CPP-32) were expressed in oligodendrocytes and that 
their inhibition prevented apoptotic cell death. 

Secondary injury processes are believed to be an impor- 
tant, remediable component of SCI. 8 - 49 Many of the basic 
research advances that have reached the clinical arena 
focus on the prevention of these secondary injury mecha- 
nisms. 21 * 55 Apoptotic cell death has been recognized for 
many years; however, this process has now gained in- 
creasing attention in the basic science literature as a mech- 
anism by which cells die in a number of neurological dis- 
eases. 47 Apoptotic cell death appears to be yet another 
mechanism in which cells may die in a delayed fashion 
after injury, that is, a secondary injury mechanism. 

There is evidence that apoptotic cell death contributes 
to tissue damage, and prevention of this process results in 
neurological recovery after SCP 6 and brain injury in rats. 54 
Data presented here indicate for the first time that apop- 
tosis is associated with the tissue damage observed after 
human SCI. Our determination of apoptosis relied on mul- 



tiple criteria: morphological staining (cresyl violet, he- 
matoxylin and eosin), nuclear chromatin staining with 
Hoechst 33342 dye, and the TUNEL test, all of which 
have been widely used for assessment of apoptosis. These 
results were confirmed using immunostaining with the 
CM 1 antibody that is specific for the processed form of 
caspase-3 (A Srinivasan, et al., unpublished data). Cas- 
pase-3 is required for DNA fragmentation and the mor- 
phological changes associated with apoptosis. 30 

Crowe, et al., 12 presented the first evidence for the pres- 
ence of apoptosis in SCIs in the rat. Li, et al., 35 demon- 
strated that compression trauma to the spinal cord was 
associated with apoptosis of glial cells preferentially lo- 
cated in degenerating longitudinal tracts of the white mat- 
ter. The apoptotic cells were most likely oligodendrocytes, 
a conclusion based on morphological data and negative 
GFAP staining. Further studies demonstrated the occur- 
rence of apoptosis in SCI in rats and monkeys and showed 
that oligodendrocytes were the major cell population un- 
dergoing apoptosis based on immunohistochemical analy- 
sis. 11 - 35 Apoptosis of oligodendrocytes was seen in areas of 
wallerian degeneration and was detected from 24 hours to 
3 weeks postinjury. 1112 Liu, et al., 36 also observed a burst 
of neuronal and glial apoptosis in gray and white matter at 
the lesion site within the first 24 hours postinjury and a 
delayed wave of oligodendrocyte apoptosis in distant 
white matter several days later. 

In our study, the lesion epicenter demonstrated the pres- 
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Fig. 6. Photomicrographs showing activated microglia immunostained with CD68 before the section was counter- 
stained with cresyi violet to demonstrate apoptotic bodies. Cells that did not stain with the activated microglia marker (A, 
arrow) as well as CD68-positive cells ingesting apoptotic bodies (B, arrow) were observed. Bar = 50 ^m. 



ence of multifocal hemorrhages and necrotic tissue in- 
volving the central gray matter and the contiguous white 
matter. Apoptotic cells were identified surrounding the 
lesion epicenter. As early wallerian degeneration occurred 
in the white matter tracts, a second phase of apoptotic cells 
appeared and these were positive for an oligodendrocyte 
marker (CNPase). Oligodendrocyte apoptosis was clearly 
associated with wallerian degeneration and was more 
obvious in ascending than in descending tracts. This cor- 
responds to the pattern of progression of wallerian degen- 
eration in which the ascending tracts show signs of degen- 
eration before the descending tracts. 9 

We found no relationship between the average number 
of apoptotic bodies and time from injury because the in- 
jury mechanism and severity were different in each case. 
Nonetheless, it seemed that apoptosis was less severe in 
patients with incomplete neurological injuries. Liu, et al., 36 
demonstrated that after rat SCI, apoptotic glial cells were 
more abundant above than below the site of compression 
and that apoptotic cells were more numerous after moder- 
ate and severe injury compared with mild compression. 
We found no evidence of apoptosis within the spinal cord 
neurons. This indicates that any neuronal loss was the 
result of necrosis rather than apoptosis or that it occurred 
at an early stage before we could detect it. Tissue in 
only one of our cases was examined within 24 hours of 
death. Li, et al., 35 demonstrated that neuronal apoptosis 
was complete within the first 24 hours, whereas Liu and 
colleagues 36 saw no evidence of apoptosis in the spinal 
cord neurons at 4 hours or 1, 4, and 9 days after compres- 
sion trauma. We suspect that activated microglia (macro- 
phages) clear apoptotic bodies, as has been observed by 
others, t3l4 - 48 - 5! but may also be partly responsible for the 
induction of apoptosis by secreting cytotoxic substances 
such as cytokines (tumor necrosis factor-a) and nitric 
oxide. 53 Other investigators have also demonstrated that 
microglia can undergo apoptosis following damage to the 
nervous system. 20 * 42 

The mechanisms responsible for oligodendrocyte apop- 
tosis remain unclear. It may occur as a result of loss of 
axonally derived survival signals (wallerian degenera- 
tion) 5 and/or as a result of evolving adverse changes in the 
cellular milieu 13 resulting in axonal' demyelination. If 
these axons are in continuity across the injury site, electri- 



cal conduction will be impaired through the axon.The 
presence of demyeiinated axons around the epicenter of 
SCIs has received attention recently. 7 * 8 One therapeutic 
strategy for SCIs relies on the use of the drug 4-amino 
pyridine (a potassium channel blocker) to enhance axonal 
conduction through areas of demyelination. 23 Thus, pre- 
vention of axonal demyelination after SCI by the reduc- 
tion of apoptotic oligodendrocyte cell death may result in 
an overall reduction of partially injured axons. 

The contribution of CPP-32 activity and apoptosis to 
neuronal cell death after traumatic brain injury 54 and ex- 
perimental transient ischemia 24 - 41 has been reported. In 
both injury paradigms, the use of caspase inhibitors not 
only reduced the extent of apoptosis, but also resulted in 
functional behavioral improvement in the animals. In that 
regard, therapeutic interventions aimed at blocking apop- 
tosis may be useful in reducing tissue damage after SCI 
and ultimately in improving functional outcomes. Liu, et 
al., 36 reported that intraperitoneal injections of cyclohex- 
imide, a protein synthesis inhibitor, improved behavioral 
outcomes after spinal cord contusion injury in rats. Partial 
inhibition of protein synthesis can induce the production 
of Z?c7-2, 28 an antiapoptotic human protooncogene impor- 
tant in cell survival that was shown to be upregulated in 
injured axons of the white matter following compression 
injury of the spinal cord. 18 * 35 Hisahara, et al., 26 demonstrat- 
ed that caspases were involved in tumor necrosis fac- 
tor-mediated cell death of oligodendrocytes and that inhi- 
bition of these proteases can prevent apoptosis. Milligan, 
et al., 39 identified peptide inhibitors of the ICE protease 
family that arrest programmed cell death of motor neurons 
in vivo and in vitro. In that regard, it would be useful to 
test drugs that inhibit caspases in the treatment of SCI. 

Conclusions 

This work demonstrates for the first time that apoptotic 
cell death is observed from 3 hours to 8 weeks after trau- 
matic human SCIs. Apoptosis occurs around the lesion 
epicenter as well as within areas of wallerian degeneration 
in both ascending and descending white matter tracts. 
Oligodendrocytes were definitely implicated as cells un- 
dergoing apoptosis on sections of injured spinal cord in 
which immunohistochemical markers were used. Apop- 
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tosis after human SCI appears to be dependent on activa- 
tion of CPP-32. Inhibition of this process may have poten- 
tial therapeutic benefits for reducing tissue damage and 
improving the outcome after SCL 
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Abstract 

Loss of neurons after traumatic brain injury (TBI) might involve dysregulated apoptosis. Activation of caspase-3 is one hallmark of 
apoptosis. Therefore, caspase-3 activity (cleavage of DEVD-afc) was measured in cerebrospinal fluid (CSF) samples (n = 1 13) from 27 
patients with TBI at day 1 tO 14 after trauma. Caspase-3 activity was detected in 31 (27.4%) CSF samples with highest values (> 5.5 
u,M/min) seen at day 2-5 after trauma. No caspase-3 activity was found in serum from patients or CSF from controls. The presence of 
activated caspase-3 in CSF suggests ongoing apoptotic processes during traumatic brain injury. ©2001 Elsevier Science B.V. All rights 
reserved. 

Keywords: Apoptosis; Neurons; Trauma; Brain; DEVD-afc; zVAD 



Neuronal cell loss after traumatic brain injury (TBI) has 
been formerly attributed to necrosis of neurons as a result 
of secondary insults. More recent evidence from animal 
models (Rink et al., 1995) and findings in human patient 
tissues (Ng et al., 2000; Clark et al., 1999) point towards 
an involvement of apoptosis in the mechanism of neuronal 
destruction following TBI. Apoptosis in neurons, endothe- 
lial cells, and astrocytes is triggered through the CD95 
system (Leist and Nicotera, 1998). Because high concen- 
trations of CD95-ligand were found in cerebrospinal fluid 
(CSF) from patients with severe TBI (Ertel et al., 1997), 
this points to the involvement of apoptotic processes re- 
sponsible for brain damage following TBI. 

A group of intracellular cysteine proteases, called cas- 
pases has been shown to play a pivotal role in the regula- 
tion and execution of apoptosis. Within this group, cas- 
pase-3 is the main executioner protease and its activation 
marks a point-of-no-return in the complicated cascade of 
apoptosis induction. Thus, the presence of active caspase-3 
is a good indicator of apoptosis. To date, it is unknown 
whether active caspase-3 can be released from cells dying 
by apoptosis into CSF following TBI. 

Therefore, caspase-3 activity was examined in the CSF 
of 27 patients with severe TBI. All patients were treated 
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according to our standard protocol for TBI (Stocker et al., 
1995), which was approved by the University Hospital 
Medical Ethics Board. Three patients (11.1%) succumbed 
to death due to TBI. As a control, the CSF from seven 
patients requiring spinal anesthesia for elective orthopedic 
surgery (with normal CSF protein content and cell count) 
were included in this study after written informed consent. 
The control group was comparable to the trauma patients 
with regard to age and gender (Table 1). 

CSF drained from an indwelling ventricular catheter 
was collected from all patients each day at 8 am between 
days 1 and 14 after trauma. However, in some patients, it 
was not possible to obtain CSF on consecutive days due to 
failure of the intraventricular catheter, collapsed ventricles 
due to extensive brain edema or death of the patient. The 
preflow (0,5 ml) was discarded and 1-2 ml of the sterile 
CSF centrifuged (300 X g, 10 min, 4 °C) and then frozen 
immediately at - 80 °C until further processing. 

Caspase-3 activity in the CSF was measured by a 
fluorimetric assay based on the specific hydrolysis of 
DEVD-7-amino-4-trifluromethyIcoumarin (DEVD-afc, 60 
|xM) in substrate buffer (50 mM HEPES, pH 7.4, 1% 
sucrose, 0.1% Chaps, 10 mM DDT, Thornberry, 1994). 
Caspase-3 activity (u,M afc/min) was determined by mea- 
suring the increase of afc-fluorescence (excitation at 385 
nm; fluorescence emission at 505 nm) over 30 min at 37 
°C, and calculation of the afc formation/time based on an 
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Table 1 



Demographic data of patients and controls 



Group 


n 


Age a 


Gender b 


Mortality 


AIS 


ISS 


GCS 


Patients 


27 


36.1 ± 12.9 


24/3 


11.1% 


4.8 ± 0.4 


29.2 ± 11.9 


7.9 ± 4.2 


Controls 


7 


41.6 ±9.8 


6/1 











AIS: abbreviated injury score (points), ISS: injury severity score (points). GCS: Glasgow coma scale (points). 
a Mean age±SD. 
b Gender is given as male/female. 



afc standard curve. The specificity of the assay for cas- 
pase-3 activity was confirmed by the block of fluorescence 
increase when samples were re-measured in the presence 
of the caspase inhibitors DEVD-CHO (1 |jlM) or zVAD- 
fmk (5 |xM). Recovery (105 ± 10% at a mixture of sam- 
ple:caspase-3 (300 p,M/min) of 96:4) and sensitivity (> 
0.5 jxM/min) of the assay was regularly controlled by 
addition of active recombinant human caspase-3 to control 
CSF samples. 

Caspase-3 activity was detected in 31 of 113 (27.4%) 
CSF samples from 20 out of 27 patients (74.1%) with TBI 
(Fig. 1). The highest levels of caspase-3 activity were 
detected between day 2 (6.5 pM/min), day 4 (5.5 
jiM/min) and day 5 (6.3 p-M/min) after trauma and 
declined thereafter. In contrast to CSF from patients, cas- 
pase-3 activity was undetectable in CSF from the seven 
controls or in parallel serum samples from patients and 
controls despite addition of DTT (10 mM) to the samples 
which is known to reactivate caspases previously inacti- 
vated by mild oxidants or nitric oxide (NO). 

The data presented here show that caspase-3 activity is 
present in CSF of patients with severe TBI, indicating the 
involvement of apoptotic processes in the brain following 
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8 -i 
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Fig. 1, Caspase-3 activity in CSF from patients with severe traumatic 
brain injury compared to controls. Sterile CSF was collected from 
patients between day 1 and 14 after trauma and from controls and 
immediately frozen until measurement of caspase-3 activity (p,M/min). 



TBI. Undetectable caspase-3 activity in the circulation 
excludes secondary migration of caspase-3 through the 
blood-brain barrier. The identification of the mode of 
death in human TBI has been complicated by the fact that 
only post mortem material can be used where the mecha- 
nisms of death are difficult to study. Since the only form 
of cell death associated with caspase-3 activation is apop- 
tosis (Leist and Jaattela, 2001), the observation of in- 
creased activity of this protease in CSF of patients adds 
further evidence for the contribution of apoptosis to TBI. 
Thus, our results refute arguments that caspase-3 detected 
in post-mortem brain tissues from patients with TBI were a 
post-mortem artifact (Love et al, 2000). 

Sampling of CSF has been used frequently as a mini- 
mally invasive method or readily available source to draw 
conclusions on the state of injury to the brain, and to 
obtain markers of predictive or diagnostic value. Besides 
various cytokines indicating inflammatory processes, also 
increased concentrations of the apoptosis-inducing CD95L 
have been detected (Ertel et al., 1997). This finding is now 
complemented by even closer evidence of ongoing apop- 
totic processes indicated by the release of activated cas- 
pase-3. It should be emphasized that our results do not 
allow localization or identification of specific cells under- 
going apoptosis in the injured brain or differentiation 
between active involvement of caspase-3 and its release 
due to cell death. Although preliminary, our study demon- 
strates for the first time the presence of active caspase-3 in 
CSF from patients with severe head injuries. 
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ABSTRACT 

Caspase-3 is a cysteine protease that is strongly implicated in neuronal apoptosis. Activation of cas- 
pase-3 may be induced by at least two major initiator pathways: a caspase-8-mediated pathway ac- 
tivated through cell surface death receptors (extrinsic pathway), and a caspase-9-mediated path- 
way activated by signals from the mitochondria that lead to formation of an apoptosomal complex 
(intrinsic pathway). In the present studies, we compare the activation of caspases-3, -8, and -9 
after lateral fluid-percussion traumatic brain injury (TBI) in rats. Immunoblot analysis identified 
cleaved forms of caspases-3 and -9, but not caspase-8, at 1, 12, and 48 h after injury. Immunocyto- 
chemistry specific for cleaved caspases-3 and -9 revealed their expression primarily in neurons. 
These caspases were also frequently localized in TUNEL-positive cells, some of which demonstrated 
morphological features of apoptosis. However, caspases-3 and -9 were also found in neurons that 
were not TUNEL-positive, and other TUNEL-positive cells did not show activated caspases. In con- 
trast to caspases-3 or -9, caspase-8 expression was only minimally changed by injury. An increase 
in expression of this caspase was undetectable by immunoblotting methods, and appeared as posi- 
tive immunostaining restricted to a few cells within the injured cortex. Treatment with the pan-cas- 
pase inhibitor z-VAD-fmk at 15 min after TBI improved performance on motor and spatial learn- 
ing tests. These data suggest that several caspases may be involved in the pathophysiology of TBI 
and that pan-caspase inhibition strategies may improve neurological outcomes. 

Key words: brain injury; caspase; cysteine protease; mitochondria; neuron; trauma 



INTRODUCTION 

Traumatic brain injury (TBI) initiates physiological 
and cellular secondary injury responses that ulti- 
mately lead to neuronal death and neurological dysfunc- 
tion. Although necrosis has long been acknowledged as 
a major cell death mechanism after TBI, a significant role 
for apoptotic cell death has recently been described (Rink 
et al., 1995; Yakovlev et al., 1997; Fox et al., 1998; Clark 
et al., 1999; Newcomb et ah, 1999; Ng et ah, 2000). 



Activation of caspase proteases has been strongly im- 
plicated in apoptosis after CNS injuries, including TBI 
(Yakovlev et al., 1997; Namura et al., 1998; Clark et al., 
1999, 2000; Fink et al, 1999; Krajewski et al., 1999; 
Springer et al., 1999; Beer et al., 2000b; Buki et al., 2000; 
Li et al., 2000; Lu et al., 2000). Caspases are cysteine 
proteases that are expressed as inactive pro-forms (zy- 
mogens) that, upon activation, are cleaved into large and 
small subunits that form heterotetramers with enzymatic 
activity (for caspase review, see Eldadah and Faden, 
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2000; Reed, 2000). Caspases have been categorized into 
three groups, based on function: (1) initiator/apical cas- 
pases (caspases -2, -8, -9, -10); (2) executioner/effector 
caspases (caspases-3, -6, -7); (3) inflammatory caspases 
(caspases-1, -4, -5, -11). Initiator/apical caspases are so- 
named because of their relative position upstream of other 
caspases in putative apoptotic pathways. Executioner/ 
effector caspases primarily function downstream of api- 
cal caspases, and directly cleave various substrate pro- 
teins responsible for apoptosis. Inflammatory caspases 
play dual roles as both cell-death proteins and processors 
of pro-inflammatory cytokines. 

To date, two major routes of caspase activation have 
been described. An extrinsic pathway involves binding 
of cell surface receptors by specific ligands, that directly 
trigger caspase activation through adaptor proteins. Thus, 
apoptosis is induced through signals received at the cell 
surface. This pathway is utilized by members of the tu- 
mor necrosis factor (TNF) superfamily. Examples in- 
clude binding of TNF receptor I by TNF/lymphotoxin, 
and binding of Fas by Fas ligand (Chinnaiyan et aL, 1995; 
Juo et al., 1998; Varfolomeev et al., 1998). Either of these 
events can serve to activate pro-caspase-8, which subse- 
quently activates pro-caspase-3 (Stennicke et al., 1998). 
In contrast, the intrinsic pathway is triggered by intra- 
cellular activation through signals derived from mito- 
chondria. Cytochrome c is released from mitochondria 
and, in turn, binds the caspase-activating protein Apaf-1, 
which oligomerizes and binds pro-caspase-9, resulting in 
its cleavage/activation (Li et al., 1997; Hakem et aL, 
1998; Saleh et al., 1999; Zou et al., 1999). Subsequently, 
caspase-9 activates pro-caspase-3 (Slee et al., 1999). Al- 
though this classification of extrinsic and intrinsic path- 
ways has proved generally useful, it should be noted that 
the scheme is somewhat oversimplified, as evidenced by 
cross-talk and feed-forward amplification of these path- 
ways (Saleh et al., 1999; Zou et aL, 1999; Reed, 2000). 

Activated caspases cleave a diverse group of sub- 
strates, including other enzymes, and proteins involved 
in cell structure, signal transduction, transcription and 
DNA repair (reviewed in Eldadah and Faden, 2000). Ef- 
fector caspases, in particular, cleave proteins that main- 
tain the integrity of nucleic acids (ICAD, PARP) and cell 
structure (lamins, a-fodrin). Degradation of such proteins 
leads to membrane blebbing, nuclear fragmentation or 
condensation, cell shrinkage and/or formation of apop- 
totic bodies, all of which are morphological hallmarks of 
apoptotic demise. 

Information about caspase activation, and its potential 
effect on neurological recovery and tissue loss after trau- 
matic brain injury is primarily confined to caspases-1, 
-2, and -3 (Yakovlev et al., 1997; Beer et al., 2000b; Buki 



et aL, 2000; Clark et aL, 2000). Recently, the activation 
of caspases-8 and -9, was described in models of cere- 
bral ischemia and traumatic spinal cord injury (Krajew- 
ski et aL, 1999; Springer et aL, 1999; Velier et aL, 1999; 
Keane et al., 2001b). As these caspases are initiators of 
well -described intrinsic and extrinsic apoptotic pathways, 
respectively, information about them provides particular 
insight into the type of apoptotic mechanisms that may 
be important in secondary injury responses. To address 
this issue, we evaluated the activation of caspase-8, -9, 
and -3 after TBI induced by the rat lateral fluid-percus- 
sion model via temporal immunoblot analysis of cleaved 
fragments of caspases-3, -8, and-9. In addition, we per- 
formed immunocytochemistry utilizing antibodies spe- 
cific for active caspases, to determine their relative dis- 
tribution and cell-type specific expression, as well as their 
association with a late event associated with apoptotic 
cell death — namely, DNA fragmentation as assessed by 
the TUNEL assay. Lastly, we evaluated the effect of treat- 
ment with a broad-spectrum caspase inhibitor on motor 
and cognitive function over time after injury. 

MATERIALS AND METHODS 

Traumatic Brain Injury 

The lateral fluid-percussion model of rat brain injury 
has been previously detailed (Mcintosh et aL, 1989). 
Briefly, a craniotomy was performed over the left pari- 
etal cortex of anesthetized (70 mg/kg sodium pentobar- 
bital, i.p.), intubated, male Sprague-Dawley rats (400 ± 
25 g, Harlan) ventilated on room air. Injury was induced 
by a brief, pressurized (2.5-2.6 atm), saline pulse deliv- 
ered through the craniotomy to the intact dura. Sham con- 
trols were subjected to identical surgical procedures, with 
the exception that no fluid pulse was delivered. The 
caudal artery was cannulated to monitor blood gas and 
pressure throughout the procedure. Body (rectal) (37.5- 
38.5°C) and brain temperature (lateralis muscle) (36.5- 
37.5 °C) were assessed and maintained within normal 
ranges. Three different sets of animals were prepared: 
(1) for immunoblot and activity assay studies, rats were 
subjected to the brain injury procedure and then sacri- 
ficed either 1, 12, 48, or 168 h later {n = 5-6/group); 
naive rats were used as controls (n = 5-6); (2) for im- 
munocytochemical studies, rats were subjected to brain 
injury and then sacrificed either 4 or 24 h later (n = 
3/group); controls were sacrificed either 4 or 24 h after 
sham injury performed as described above (n = 3/group); 
(3) for the drug treatment study, 25 mM z-V AD-fmk was 
dissolved in DM SO and injected intracerebroventricu- 
larly (5 jjlL/2 min) at 15 min after injury (n = 12); con- 
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trols received equi- volume injections of DM SO vehicle 
(n = 13). 

All procedures involving live animals were approved 
by the Georgetown University Animal Care and Use 
Committee, and were performed according to principles 
enumerated in the Guide for the Care and Use of Labo- 
ratory Animals, prepared by the Committee on the Care 
and Use of Laboratory Animals of the Institute of Labo- 
ratory Resources, National Research Council (DHEW 
publication NIH 85-23-2985). 

Preparation of Tissue Homogenates 
and Immunoblotting 

After decapitation, rat cortices were resected on ice and 
immediately frozen (— 70°C). Later, the samples were 
weighed and homogenized in a 5:1 (wt/v) ratio of RIPA 
buffer (1% Na deoxycholate, 0.1% SDS, 1% Triton 
X-100, 0.01 M Tris HC1, pH 8.0, 0.14 M NaCl, 1 mM 
iodoacetamide, 1 mM AEBSF, 1 mM Aprotinin). Ho- 
mogenates were centrifuged (10,000 X g y 4°C) for 15 
min and the resulting supernatent removed and frozen in 
50- /uL aliquots. One aliquot was used to determine pro- 
tein concentration via the method of Bradford (Bradford, 
1976). Protein lysates were normalized for total protein 
content (50 ju,g/tane) and loaded into 16% (caspase-3) or 
4-20% (caspases-9 or -8) Tris-glycine gels and elec- 
trophoresed at 100 V for 2-3 h in a Tris/glycine/SDS run- 
ning buffer. Proteins were transferred to PVDF mem- 
branes (25 V for 2 h, 4°C) in Tris/glycine buffer. The 
membrane was blocked for 2 h with 5% dried milk in 
Tris/borate/1% Tween 20 buffer at room temperature, 
then incubated overnight with primary polyclonal rabbit 
antisera. The next day, membranes were washed three 
times for 10 min each in Tris/borate buffer, and the pro- 
tein bands were detected by enhanced chemilumenes- 
cence-based ECL methods using Hyperfilm (Amersham). 
The following primary antibodies were used: caspase-3 
(Burl797, 1:2,000; Burnham Institute, La Jolla,CA); cas- 
pase-9 (Bur81, 1:2,000); and caspase-8 (SK440, 1:2,000; 
SmithKline Beecham, King of Prussia, PA). The speci- 
ficity of these antibodies has been demonstrated previ- 
ously (Velier et al., 1999; Krajewski et al., 1999), except 
for Bur81, which was prepared and specificity demon- 
strated as described below. Recombinant active caspases 
and/or cells that are known to highly express caspases 
were used as positive controls. All blots were directly re- 
probed with anti-/3-actin antibody as an internal control 
for loading and transfer of proteins (Liao et al., 2000). 
Blots shown are representative of experiments that were 
repeated on samples taken from three to five different 
animals/timepoint. 



Production and Specificity of Bur81 Antibody 

Anti-caspase-9 serum B81 was produced using re- 
combinant human caspase-9 full-length His 6 protein as 
an immunogen. Recombinant C9/B81 was produced as a 
fusion protein with a C-terminal his 6 tag. This protein 
was expressed in BL21 (DE3) cells by induction with 1 
mM IPTG. Following cell growth and lysis, the clarified 
cell lysate was applied to a Ni-NTA column and eluted 
with an imidazole gradient. The pooled C9 fractions were 
dialyzed against 50 mM Tris at pH 8.8 and applied to a 
10/10 FPLC mono Q column (Pharmacia, Piscataway, 
NJ) and eluted with a NaCI gradient. New Zealand white 
female rabbits were injected subcutaneously with a mix- 
ture of recombinant protein (0.1-0.25 mg protein per im- 
munization) and 0.5 mL of Freund's complete adjuvant 
(dose divided over 10 injections sites) and then boosted 
three times at weekly intervals, followed by another 3-20 
boostings at monthly intervals of recombinant protein im- 
munogens in Freund's incomplete adjuvant, before col- 
lecting blood and obtaining immune serum. Specificity 
of the antisera was tested for reactivity to in vitro trans- 
lated caspases as follows. Caspase-3, -6, -7, -8, -9, and 
-10 cDNAs subcloned into pcDNA-3 (Invitrogen, Carls- 
bad, CA) were transcribed and translated in vitro using 
1 fig of plasmid DNA, T7 RNA polymerase and TNT 
reticulocyte lysates (Promega, Madison, WI), according 
to the manufacturer's protocol, in the presence of [ 35 S]- 
labeled L-methionine (~ 1 mCi/mmole) (Amersham, Pis- 
cataway, NJ). The in vitro translated caspase proteins 
were then subjected to SDS-PAGE/immunoblot analysis 
using Bur81 antisera. 

Immunocytochemistry 

Animals were anesthetized and intracardially perfused 
with saline and 4% paraformaldehyde at selected times 
after injury. Brains were removed, protected in sucrose, 
frozen in O.C.T. media, sectioned serially (40 jum), and 
stored free-floating in 2% paraformaldehyde. Approxi- 
mately four to six sections distributed evenly within the 
area of the lesion (approximately —2.3 to —3.9 relative 
to Bregma) (Paxinos and Watson, 1986) were used for 
staining. 

For immunocytochemistry, sections were placed in 4% 
paraformaldehyde for 5 min, rinsed twice in phosphate - 
buffered saline (PBS) and blocked in 10% goat serum/ 
0.3% triton for 1 h at room temperature. Primary anti- 
bodies specific for cleaved forms of either caspase-3 or 
-9 (9661S, 9501S; Cell Signaling, Beverly, MA) were di- 
luted 1:100 in PBS containing 2% goat serum/0.2% tri- 
ton. Antibody 9661S detects only the 17-20-kDa frag- 
ment of caspase-3 in human, rat and mouse. Antibody 
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9501 S detects only 37- and 17-kDa fragments of caspase- 
9 in human and rat. Neither antibody recognizes full- 
length forms of these caspases. Alternatively, some 
sections were incubated with SK398 (anti-cleaved 
caspase-3), SK440 (anti-cleaved caspase-8) (both from 
SmithKline Beecham), or Bur81 (anti-caspase-9) (Burn- 
ham Institute) at a dilution of 1:1000. Antibody SK398 
is a neo-epitope peptide antibody generated to the C ter- 
minus of the p20 subunit of caspase-3 (GIETD). It de- 
tects only an 18-kDa fragment of caspase-3 in rodents. 
Antibody SK440 was raised against a p20/pl0 fusion pro- 
tein purified from E. coli. It recognizes epitopes in the 
p20 fragment of caspase-8. It does not react with en- 
dogenous caspase-8 expressed by Jurkat cells, or with re- 
combinant full-length caspase-8-spiked Jurkat extracts 
(Velier et al., 1999). Bur81 reacts preferentially with 
32-33- and 15-kDa fragments of caspase-9, but also de- 
tects the 48-kDa proform of this caspase, as shown in 
Figure 2 below. Sections were incubated in these solu- 
tions overnight (16 h/4°C). In some cases, mouse mono- 
clonal antibodies against neuronal nuclear protein 
(NeuN) (Chemicon, Temecula, CA) or glial fibrillary 
acidic protein (GFAP) (Sigma, St. Louis, MO) were di- 
luted at 1:100 in solution with caspase primary antibod- 
ies to serve as cell-type specific markers. After incuba- 
tion, sections were rinsed twice (5 min each) in PBS (4°C) 
and then incubated with secondary antibodies (1:50) for 
1 h (room temperature). Either goat anti -rabbit FITC 
(Sigma) or goat anti-mouse Texas Red (Accurate Chem- 
icals, Westbury, NY) served as secondary antibodies. 
Finally, the sections were rinsed twice (5 min each), 
mounted, covered with anti-fade mounting medium, 
sealed with glass coverslips, and visualized with a con- 
focal microscope. Confocal parameters were kept con- 
stant to allow valid comparisons between experimental 
groups. Method controls omitted either primary or sec- 
ondary antibodies. 

For sections co-labeled with TUNEL, Tdt reaction mix 
was applied for 1 h (37°C) after rinsing off primary an- 
tibodies. Tdt reaction mix consisted of dNTPs, Tdt buffer, 
and Tdt enzyme (Life Technologies, Rockville, MD) in 
sterile, ultrapure H2O. The TUNEL reaction was stopped 
in 0.1 M EDTA, pH 8.0 for 2-5 min. Sections were rinsed 
twice in PBS (5 min each), and incubated with secondary 
antibody + DN-Avidin-FITC (Vector Labs, Burlingame, 
CA) for 1 h (room temperature). Thereafter, sections were 
rinsed, sealed with coverslips, and viewed with a Nikon 
TE300 inverted fluorescent microscope. 

Neurological Evaluation 

All neurological examinations were performed by an 
individual blinded to treatment. Complete methods for 
motor and cognitive testing have previously been de- 



scribed (Mcintosh et al., 1989; Fox et al., 1998). Motor 
testing was performed at 7 and 14 days after trauma 
(Mcintosh et al., 1989). Composite scores were derived 
from three separate motor tests: (1) flexion test — 
measures forelimb and paw (left and right) extension and 
placement in response to a perceived fall, (2) lateral pul- 
sion test — measures body and leg resistance (left and 
right) to a lateral push, (3) inclined plane test — assesses 
the ability to maintain balance (in the vertical, left lateral 
and right lateral positions) on a progressively inclined 
surface. Scores for each limb on the individual tests range 
from 0 (maximal deficit) to 5 (no deficit). These were 
combined for a possible total maximal composite neuro- 
score of 35. 

Morris water maze training began at day 14 after in- 
jury, and concluded after a total of 16 trials were com- 
pleted in blocks of 4/day. For each trial, rats were gen- 
tly placed into a tank of opaque water that had extramaze 
visual cues. The latency, or time required to locate a hid- 
den, submerged, platform was recorded. After reaching 
the platform, animals were allowed to remain on it for 
10 sec before they were removed, dried and kept in a 
warm environment until the next trial. Animals that failed 



A 




FIG. 1. Temporal expression of caspase-3 cleavage fragments 
in injured cortex after traumatic brain injury (TBI). Anesthe- 
tized rats (n = 5-6/group) were subjected to lateral fluid- 
percussion trauma (2.5-2.6 ATM). Injured cortex was analyzed 
by immunoblot at various times after injury (1-168 h). (A) A 
blot shows results from one animal at each time point, which 
is representative of results obtained from all animals in each 
group. The molecular weight of each cleavage fragment appears 
on the left. Bands corresponding to a 32-kDa proform and a 17- 
kDa cleavage fragment are present; expression of the 17-kDa 
fragment increased after trauma. Recombinant active caspase- 
3 was used as a positive control. Naive rats served as injury 
controls. (B) /3-actin was directly assessed as an internal meth- 
ods control. As /?-actin may itself be cleaved by caspases, some 
control blots were overexposed, revealing a -31 kDa cleaved 
fragment of /3-actin which was unchanged by trauma. 



1158 



INTRINSIC APOPTOTIC PATHWAYS AFTER BRAIN INJURY 



to reach the platform within 2 min after placement in the 
tank, were gently placed on the platform for 10 sec be- 
fore removal. Data are presented as the average latencies 
for the treated or untreated groups on each individual day 
of training. 

Data Analysis 

Densitometric immunoblot analysis data were assessed 
by ANOVA followed by post-hoc Dunnett's test. Motor 
neuroscores were analyzed by nonparametric Mann- 
Whitney U tests. Morris water maze data were analyzed 
by repeated measures ANOVA followed by multiple two- 
tailed t tests with Bonferroni (Dunn's) correction. A p 
value of <0.05 was considered statistically significant. 



RESULTS 

Immunoblot analysis of caspase-3 indicated the pres- 
ence of a 32-kDa proform in all brain samples (Fig. 1 A), 
but not in a recombinant active caspase-3-positive con- 
trol. A 17-kDa cleavage fragment of caspase-3 was evi- 
dent at 1, 12, and 48 h after injury. Blots were directly 
reprobed with /3-actin antibody (without stripping) (Liao 
et al., 2000) which served as an internal control for pro- 
tein loading and transfer. Loading and transfer of pro- 
teins was equal in all wells, as shown by equivalent sig- 
nal intensity of a 42-kDa j3-actin internal control (Fig. 
IB; also see Fig. 3C below). However, because caspases 
are known to cleave /3-actin, some control blots were 
overexposed to determine whether cleavage fragments of 
this protein were present. In some cases, a 30-kDa /3- 
actin cleavage fragment was detected under this condi- 
tion, but it was neither robust, nor trauma-dependent (Fig. 
IB), thus verifying that j3-actin was a suitable internal 
control. 

Specificity studies showed that antibody Bur-81 did 
not react with either full-length or cleaved forms of 
caspases-3, -6, -7, -8, or -10, expressed by in vitro trans- 
lation. Bur-81 preferentially reacted with the 32-33- or 
15-kDa cleaved forms of caspase-9, but also detected 
the 48-kDa pro-form of this caspase (Fig. 2A). Similarly, 
the antibody detected the 48-kDa pro-form of caspase-9 
in all brain extracts, as well as 32-33-kDa cleaved frag- 
ment (Fig. 2B). Expression of the 15-kDa cleavage frag- 
ment was low in naive controls, but increased after TBI. 
Densitometric analysis of the 15-kDa subunit revealed 
significant elevations over uninjured controls at 1 and 
12 h after injury (Fig. 2C). The appearance of the 32- 
33-kDa cleaved fragment in both naive and injured cor- 
tex is consistent with observations that caspase-9 is auto- 
processed in brain and peripheral nerve (Krajewski et al., 
1999). 
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FIG. 2. Specificity of the Bur81 anti-caspase-9 antibody and 
temporal expression of caspase-9 cleavage fragments in cytosolic 
extracts of injured cortex after traumatic brain injury (TBI). (A) 
Immunoblots utilizing extracts from cells expressing in vitro 
translated caspases-3, -6, -7, -8, -9, and -10 show that Bur81 re- 
acts primarily with the —32-33 and 15-kDa processed (cleaved) 
forms of caspase-9, and also with the 48-kDa pro-caspase-9. 
(B,C) Rats (n = 5-6/group) were subjected to lateral fluid-per- 
cussion trauma, and the injured cortex assessed by immunoblot - 
ting with Bur81 as described for Fig. 1. A representative immuno- 
blot is shown in B. Bands corresponding to a 48-kDa proform 
and 32-33- or 15-kDa cleavage fragments are present; expres- 
sion of the 15-kDa fragment increased after trauma. A 32- 
33-kDa subunit of processed caspase-9 is known to be present in 
naive cortex and in peripheral nerve. (C) Immunoreactivity of the 
15-kDa cleavage fragment is expressed as arbitrary densitomet- 
ric units. Data were transformed to the percentage of densito- 
metric levels from naive animals visualized on the same scanned 
blot. Bars indicate means ± SEM for each timepoint. *p < 0.05 
versus controls by ANOVA and Dunnett's post-hoc test 



1159 



KNOBLACH ET AL. 



NAIVE Hours After Injury 

kDa + n 21 nn u 48 i^s i 




42.0 + 



FIG. 3. Temporal expression of caspase-8 cleavage fragments 
in cytosolic extracts of injured cortex after traumatic brain in- 
jury (TBI). Rats (n = 5-6/group) were subjected to lateral fluid- 
percussion trauma, and the injured cortex assessed by immuno- 
blotting as described for Fig. 1. (A-C) The blot shows results 
from one animal at each time point, which is representative of 
results obtained from all animals in each group. The molecular 
weight of each cleavage fragment appears on the left. In A, the 
blot was exposed for 15 sec to detect cleaved products present 
in the recombinant caspase-8 control, which undergoes auto- 
processing. In B, the same blot was exposed for 8 min to de- 
termine whether caspase-8 cleavage fragments were present. At 
this exposure, bands corresponding to 38-40- or 14-kDa cleav- 
age fragments were detected, although a p55-kDa proform was 
not. Expression of the 38^0- or 14-kDa cleavage fragments 
was unchanged by trauma. The /3-actin internal control is shown 
in C. 



There was no evidence for injury-induced cleavage 
of caspase-8, despite the fact that antibody SK440 de- 
tected several cleavage fragments in recombinant active 
caspase-8-positive control samples run on the same gels 
(Fig. 3A). Blots were subjected to multiple exposures, 
the longest of which revealed the presence of 38—40- and 
14-kDa cleavage fragments in all brain samples, regard- 
less of injury status (Fig. 3B). 

To determine the distribution and cell- type expression 
patterns of caspases within the injured cortex and hip- 
pocampus we performed qualitative immunocytochem- 
istry. Four to six sections distributed evenly within the 
extent of the lesion were chosen and stained for caspases- 
3, -9, or -8. For caspases-3 and -9, commercially avail- 
able (Cell Signaling) antibodies, designated 966 IS and 
9501 S, respectively, were used. The antibodies do not de- 
tect pro-forms of these caspases; they are specific for 
cleaved forms, and thus can be used as a cellular marker 
of caspase activation. Cleaved forms of caspases-3 and 
-9 were expressed mainly in the inner cortex along the 
border of the corpus callosum at 4 h after injury (Fig. 4), 
but were distributed widely throughout the entire region 
of injured cortex by 24 h after injury (Fig. 5). Active 
forms of caspases-3 and -9 were also expressed in the 
CA3 and CA2 regions of the hippocampus, particularly 
at 24 h after injury (Fig. 6). Selective cell loss was also 
evident in the CA3 region at this time. 

In contrast to the relatively widespread distribution of 
active caspases-3 and -9 at 4 and 24 h after injury, ex- 
pression of caspase-8 was limited to only a few cells 
within the injured cortex at either time (Fig. 7 A). These 




FIG. 4. Distribution of active caspase-3 (A) or caspase-9 (B) (antibodies 966 IS or 950 IS, respectively) in the inner cortex af- 
ter lateral fluid-percussion injury, as visualized by fluorescent immunohistochemistry. Injury was produced as described in Fig. 
1. At 4 or 24 h after injury, sham-injury brains were removed and stained as described in methods. Low-power images (X10) of 
the inner injured cortex at 4 h after injury are shown. Arrows indicate positively stained cells near the border of the corpus cal- 
losum. Images are representative of data obtained from n = 3 rats/group. 
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FIG. 5. Distribution of active caspase-3 (A-C) (antibody 9661S) or -9 (D-F) (antibody 9501S) in the outer cortex after lateral 
fluid-percussion injury. Data were obtained from the same rats described in Fig. 4. Low-power images (X10) of outer injured 
cortex were obtained at 4 h (A,D) and 24 h (B,E) after TBI, or 24 h after sham-TBI (C,F). 



cells morphologically resembled neurons and glia. Even 
though few cells stained positively, such staining was as- 
sociated with injury, as sham-injury controls showed no 
evidence of any positive staining (Fig. 7B). 

Double-label immunocytochemistry revealed that 
cleaved caspases-3 and -9 were expressed by neurons, 
but not astrocytes of the injured cortex (Figs. 8 and 9). 
Staining in neurons was diffuse, cytosolic and present in 
the soma as well as what appeared to be dendrites, on 
some occasions (Figs. 5, 8, and 9). Caspase-9 and the 
cleaved fragment of caspase-3 were also colocalized to 
some extent with TUNEL-positive cortical cells that 
showed apoptotic-like condensed or punctate nuclear 
morphology (Fig. 10). However, this colocalization was 
not exclusive, as many TUNEL-positive and TUNEL- 



positive cells with apoptotic-like phenotypes did not ex- 
press active subunits of either caspase, and some caspase 
positive cells were not TUNEL-positive. 

To evaluate the effect of caspase inhibition on func- 
tional recovery after injury, animals were treated 15 min 
after injury with z-VAD-fmk, a pan-caspase inhibitor. 
This treatment significantly improved performance on a 
series of three separate motor tests administered 2 weeks 
later (Fig. 11 A). In addition, in daily comparisons, 
z-VAD-fmk treated animals performed significantly bet- 
ter than controls in the Morris water maze test on days 2 
and 4 of training (Fig. 11B). There was no significant 
difference in latencies on the first day of training, indi- 
cating that swim speeds were not significantly different 
between treated and control groups. 
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FIG. 6. Distribution of active caspase-3 (A) (9661S) or caspase-9 (B) (9501S) in the hippocampus 24 h after TBI. Many CA3 
pyramidal cells stained positively for caspase-3 (A) or caspase-9 (B). Note that some cell loss is also visible in the CA3 region. The 
majority of CA2 cells at the junction with CA1 were caspase-3 or -9 positive, although most CA1 cells were not (data not shown). 
Few caspase-positive cells were observed in the hippocampus at 2 h after sham-TBI (C) or at 4 h after injury (data not shown). 



DISCUSSION 

Our studies show that caspases-3 and -9 are activated 
in injured cortex and hippocampus after traumatic injury. 
Cleavage products of these caspases were expressed 
throughout the cortex, primarily in neurons, and fre- 
quently co-localized with TUNEL-positive labeling. The 
latter associates these caspases with neuronal cell death 
that is likely to be, at least in part, apoptotic. In contrast, 
the presence of active caspase-8 was more difficult to de- 
tect than either caspase-3 or -9. Cleavage fragments for 
this caspase were not observed on immunoblots, and were 
only localized to a few cells by immunocytochemistry. 



Caspase activation after brain injury has been assessed 
by a variety of methods, ranging from accumulation of 
degraded downstream substrates unique to a particular 
caspase (Pike et al., 1998; Beer et al., 2000b; Clark et al., 
2000), to direct activity measurements utilizing oligo- 
peptide substrates tagged with a fluorogen that produces 
an optical change upon cleavage (Yakovlev et al., 1997; 
Clark et al., 2000). In preliminary experiments, we found 
that, in the case of caspases- 8 and -9, such fluorescence- 
based activity assays were nonspecific. In assays with 
Ac-LETD-afc (caspase-8) and Ac-LEHD-afc (caspase- 
9), the recognized substrate sequences for these caspases 
(Talanianetal., 1997; Thornberry etal., 1997), submicro- 




FIG. 7. Distribution of caspase-8 (antibody SK440) in the injured parietal cortex at 24 h after TBI. Low-power image shows 
that only a few cells distributed within the cortex expressed caspase-8 after injury (A; some positive cells indicated by arrows). 
Under higher power magnification, such cells resembled glia or neurons (B; cells indicated by arrows). Results are representa- 
tive of n = 3 animals. Sections from 4 h after injury were also evaluated (including sections adjacent to those which showed pos- 
itive staining for caspases-9 and -3), and showed a distribution of staining similar to that shown in A. 
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FIG. 8. Double- label immunocytochemistry for active caspase-3 (A J)) (antibody 9661 S) combined with either NeuN, a neuronal 
marker (B) or GFAP (E), a marker for astrocytes. Staining for active caspase-3 was diffuse, cytosolic (A), and was localized to 
neuronal cell bodies (B,C), and in some instances, dendrites (A). Active caspase-3 was not frequently expressed by astrocytes (EJF). 
Images were taken from the injured parietal cortex at 24 h after TBI. They are representative of data from n - 3 animals. 



molar concentrations of either recombinant caspase-3 or 
z-DEVD added to control (sham) samples respectively 
markedly increased or decreased apparent caspase-8 or 
-9 activity. Therefore, this method was replaced with de- 
tection of active caspases via immunoblot. 

Our data indicated that caspases-3 and -9 were acti- 
vated from 1 to at least 12 h after lateral fluid-percussion 
injury. These results are consistent with both the time- 
course for activation of caspase-3 we reported previously 



using a fluorogenic activity assay (Yakovlev et al., 1997), 
and with recently reported time-courses for caspases-3 or 
-9 utilizing immunoblotting methods (Beer et al., 2000b; 
Clark et al., 2000). Together, such findings suggest that 
cortical apoptosis occurs over an extended time-course, 
in agreement with studies which showed increased 
TUNEL-staining in the same model from 24 to 168 h af- 
ter injury (Rink et al., 1995; Conti et al., 1998). These 
results are also consistent with the time course for acti- 
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vation of caspase-3 and apoptotic cell death reported in 
cortical contusion models (Yakovlev et al., 1997; Fox et 
al., 1998; Newcomb et al., 1999; Beer et al., 2000b; Clark 
et al., 2000). 

In undisturbed neurons, the location of procaspase-9 is 
frequently mitochondrial, giving rise to a distinct or- 
ganellar staining pattern (Krajewski et ah, 1999). After 
ischemic injury, caspase-9 translocates from the mito- 
chondria to the cytosol and nucleus, resulting in diffuse 
staining throughout the cell (Krajewski et al., 1999), 
which resembles that pattern we observed, suggesting 
that a similar translocation of caspase-9 occurs in both 
ischemic and traumatic injuries. Caspase-3 primarily re- 
sides in the cytosol (Krajewska et al., 1997), and thus 
staining for this caspase is usually diffuse, as seen here, 
and reported previously in other models of trauma (Beer 
et al., 2000b; Clark et al., 2000) or ischemia (Namura et 
al., 1998). Apart from visualization in the soma, we ob- 
served some expression of caspase-9 (and caspase-3) in 
what appeared to be dendrites. Dendritic expression of 
active caspase has been associated with synaptic loss and 
cell death due to excessive glutamate stimulation (Matt- 
son et al., 1998). Thus, it is possible that caspase activa- 
tion through this route could be a factor in traumatic in- 
jury. Expression of cytochrome c, calpain and active 
caspase-3 have also been observed in cortical axons, 
where they are hypothesized to contribute to neuronal 
demise in models of axonal injury (Buki et al., 2000). 
Together, these data suggest that activated caspases are 
not limited to somatic expression in injured neurons, 
and may reflect several different local routes through 
which neuronal death or synaptic reorganization could be 
initiated. 

Qualitatively, the regional and cell-type distributions 
of active caspases-3 and -9 appeared similar, as they were 
evident in all layers of injured cortex, albeit somewhat 
preferentially in the inner cortex adjacent to the corpus 
callosum at 4 h after injury, but distributed throughout 
the region at 24 h after injury. Both caspases were ex- 
pressed primarily by neurons rather than astrocytes, in 
agreement with findings from cortical contusion models, 
which also mainly located active caspase-3 expression to 
neurons trauma (Beer et al., 2000b; Clark et al., 2000). 
Caspase-3 appeared to be expressed in more cells than 
caspase-9 at both 4 and 24 h after injury. In this regard, 
it is worth noting that caspase-3 may be activated not 
only through extrinsic and intrinsic cascades, but also by 
additional factors, including granzyme B, caspase-11, 
and others, whose role in injury, if any, is uncertain (Yang 
et al., 1998; Kang et al., 2000). 

We could not use antibodies 966 IS or 950 IS in the 
TUNEL double-label study, because these antibodies did 
not perform well on thin, mounted sections, but TUNEL- 



staining did not work well on thick free-floating sections. 
Therefore, antibodies SK398 and Bur81 were used in the 
TUNEL double-label experiments. In this regard, it is 
worth noting that SK398 is specific only for active cas- 
pase-3, whereas Bur81 preferentially stains cleaved frag- 
ments of caspase-9, but also reacts to a lesser extent with 
the pro-form of this caspase. Data from this experiment 
indicate that active caspase-3, and likely, active caspase- 
9, are expressed by either type I or type II TUNEL-la- 
beled cells, but this association was not complete, as 
noted previously for caspase-3 by others (Beer et al., 
2000b; Clark et al., 2000). This result may reflect the fact 
that active caspases are short-lived, and their temporal 
expression may not completely overlap the DNA frag- 
mentation that gives rise to the TUNEL signal, but rather 
(and particularly in the case of caspase-9) precede it. 
Other factors may also contribute to the discrepancy. 
These would include observations that: some TUNEL 
positive cells are actually necrotic (Rink et al., 1995; de 
Torres et al., 1997); there may be a mixed apoptotic- 
necrotic phenotype (Allen et al., 1999); there is likely to 
be cross-talk between cell death mechanisms, and/or 
activation of certain apoptotic pathways may not be me- 
diated by caspases (Susin et al., 2000; Thomas et al., 
2000). 

Presumptive involvement of the extrinsic apoptotic 
pathway in TBI is supported by evidence that Fas and 
Fas ligand are increased after TBI (Ertel et al., 1997; Beer 
et al., 2000a), as is TNF (Shohami et al., 1996; Knoblach 
et al., 1999). Yet, the present data show only limited cas- 
pase-8 activation. It is unlikely that our findings are due 
to antibody specificity issues. This antibody, which has 
previously been extensively characterized (Velier et al., 
1999), strongly detected a positive caspase- 8 control. In 
addition, we have utilized the antibody in an identical 
protocol to evaluate active caspase-8 expression after spi- 
nal cord injury (Huang et al., 2000), and others have used 
it in models of spinal ischemia and focal stroke (Velier 
et al., 1999; Matsushita et al., 2000). In all these studies, 
substantial expression of active caspase-8 was detected. 
More likely, the data reflect injury level or model issues. 
Caspase-8 activation was recently shown after more mod- 
erate fluid percussion injury (1.7-2.2 atm), where its tem- 
poral elevation correlated well with the time course of 
TNFa we observed after severe injury (2.6-2.7 atm) 
(Keane et aL, 2001a). In our hands, more moderate in- 
jury (2.0 atm) did not consistently elevate TNFa. Thus, 
there are apparent differences in actual injury levels be- 
tween laboratories, and it is possible that our severe in- 
jury level may be required to induce substantial caspase- 
8 activation. This is supported indirectly by a recent study 
in the cortical impact injury model, which demonstrated 
increases in both caspase-8 mRNA and activation, and in 
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FIG. 9. Double-label immunocytochemistry for active caspase-9 (A,D) (antibody 950 IS) combined with either NeuN, a neu- 
ronal marker (B) or GFAP (E), a marker for astrocytes. As with caspase-3, staining was diffuse, cytosolic and was localized to 
neuronal bodies and in some instances, dendrites (A4)»C). Active caspase-9 was not frequently expressed by astrocytes (F). Im- 
ages were taken from the injured parietal cortex 24 h after TBI. They are representative of data from n = 3 animals. 



addition, associated caspase-8 with neurons and glia 
(Beer et al., 2001). This injury model is known to invoke 
an ischemic response that may only be present at severe 
levels of fluid percussion injury (Bryan et al., 1995). 

Our caspase-9 data are the first to show the cortical 
distribution of this caspase after injury, as well as to eval- 
uate its expression in specific cell -types, or in conjunc- 
tion with TUNEL staining. The results are consistent with 
reports of increased expression of apaf-1 and cytochrome 
c after trauma (Yakovlev et al., 2001), as well as alter- 
ations of endogenous inhibitors of this pathway, such as 
bcl-2 or XIAP (Clark et al., 1999; Lu et al., 2000; Keane 
et al., 200 1 a, b). Together, these data collectively provide 



strong support for the intrinsic pathway of apoptotic cell 
death after TBI. 

Treatment with the pan-caspase inhibitor z-VAD-fmk 
improved motor and cognitive function, compared to ve- 
hicle controls. This likely relates to caspase expression 
both in cortex and hippocampus, as shown here for cas- 
pase-9 and previously for caspase-3 (Yakovlev et al., 
1997). Z-VAD-fmk was also neuroprotective in a mouse 
model of controlled cortical impact, where it reduced le- 
sion volume (Fink et al., 1999), and in mouse and rat 
models of ischemia, where it both reduced lesion volume 
and improved neurological function (Loddick et al., 
1996; Haraetal., 1997; Finketal., 1998; Maet al., 1998). 
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FIG. 10. Colocalization of caspases and TUNEL staining in rat cortex at 24 h after TBL Fluorescent immunostaining was used 
to detect either active caspase-3 (SK398 antibody) (A) or caspase-9 (Bur81 antibody) (C) as indicated in representative fields 
(X40). (B,D) Images show TUNEL-positive staining observed in the same fields as A and C, respectively. Arrows denote cells 
positive for caspase as well as TUNEL labeling. Chevrons denote cells positive for either caspase or TUNEL labeling, but not 
both. 



Z-VAD-fmk is an irreversible inhibitor of most cas- 
pases, showing greatest inhibition of caspases- 1, -5, -8, 
and -9, but also significant inhibition of caspases-3, -4, 
-6, and -7 (Thornberry et al., 1997). Of these, caspases-4, 
-5, -6, and -7 have not yet been associated with TBI, and 
may not even be present in the CNS (Eldadah and Faden, 
2000). However, we previously observed improved neu- 
rological recovery concurrent with reductions in TUNEL- 
labeled cells and DNA laddering after selective inhibi- 
tion of caspase-3 with z-DEVD-fmk in our model 
(Yakovlev et al., 1997), implicating this caspase in tis- 
sue damage and functional deterioration. Similar findings 
were reported after caspase-3 inhibition in a model of 
controlled cortical impact, although behavioral status was 
unchanged (Clark et al., 2000). The parenchymal injec- 
tion scheme employed in the latter study may have led 
to local tissue preservation, but prevented diffusion of 
z-DEVD-fmk to brain regions (cortex, hippocampus) that 
are represented in behavioral outcome measures. Cas- 
pase- 1 has also been implicated in TBI, but here again, 
the data are mixed. The selective caspase- 1 inhibitor 
z-YVAD-fmk reduced lesion volume in a mouse cortical 
contusion model, and dominant-negative caspase- 1 mu- 



tant mice showed improved neurological function and re- 
duced lesion volumes (Fink et al., 1999). However, acti- 
vation of caspase- 1 was not significantly elevated after 
lateral fluid-percussion injury, though mRNA for the pro- 
form did increase (Yakovlev et al., 1997). Nonetheless, 
caspase-1 activation has been observed after clinical head 
injury (Clark et al., 1999). Whether such discrepancies 
reflect potential ischemic/metabolic complications asso- 
ciated with clinical head injury and/or model specific 
anomalies remains to be determined. Specific proof of an 
important role for caspases-8 or -9 awaits additional stud- 
ies, perhaps with ribozyme constructs, given issues with 
the specificity of currently available selective inhibitors 
for these caspases. 

In addition to inhibition of caspases, z-VAD-fmk was 
recently found to inhibit calpains (Wolf et al., 1999; 
Blomgren et al., 2001), enzymes which are independently 
recognized as important mediators of necrotic cell death, 
tissue loss and dysfunction in both traumatic and isch- 
emic injuries (Kampfl et al., 1996; Saatman et al., 1996; 
Pike et al., 1998; McCracken et al., 1999; Zhao et al., 
1999; Buki et al., 2000). The IC50 of z-VAD is actually 
lower for m- and u-calpain (15 /xM) than for caspase-3 
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FIG. 11. Pan-caspase inhibitor z-VAD-fmk improves neurological recovery after traumatic brain injury. Z-VAD-fmk (25 mM in 
5 jtL), was injected intracerebroventricularly 15 min after lateral fluid-percussion-induced brain injury. (A) Bars represent median 
combined score on three separate tests of motor function (flexion, pulsion, and inclined plane). Dots represent scores of individual 
animals (z-VAD-fmk, n - 12; vehicle [DMSO], n = 13). The best possible combined score is 35. Animals treated with z-VAD-fmk 
scored significantly better than DMSO controls 14 days after injury. *p < 0.05 versus vehicle by Mann- Whitney U comparison. (B) 
Bars represent the daily mean ± SEM of latency to find a hidden platform for each group over four trials of a Morris water maze 
visuospatial learning paradigm. Four consecutive days of training (for a total of 16 trials) commenced 14 days after traumatic brain 
injury. Data are from the same animals/experiment shown in A. Z-VAD-fmk-treated animals performed significantly better on days 
2 and 4 of water maze testing than did vehicle (DMSO)-treated controls. ***p < 0.001 for z-VAD-fmk versus vehicle from the 
same day. Maze data were analyzed by repeated measures ANOVA followed by post-hoc t tests with Bonferroni correction. 



(60 fjM) (Blomgren et al., 2001); thus, it is possible that 
some of the beneficial effects of z-VAD-fmk may reflect 
inhibition of calpains. From a treatment perspective, an 
agent which inhibits both calpains and caspases may be 
optimal for clinical use, as it would target both necrotic 
and apoptotic cell death. This may be particularly im- 
portant, since evidence suggests that prevention of either 
necrosis or apoptosis may shunt the injury response to- 
ward the alternate death pathway (Pohl et al., 1999; 



Lewen et al., 2001; Susin et al., 1998). In addition, cal- 
pain- and caspase-mediated cell death pathways appear 
to share points of intersection as well as common fea- 
tures (reviewed in Wang, 2000). Illustrative examples in- 
clude that the endogenous calpain inhibitor calpastatin is 
degraded by active caspases (Wang et al., 1998a), and 
that both enzymes degrade spectrin, a major component 
of cytoskeleton (Wang et ah, 1998b). 

In summary, we show evidence for the activation of 
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several caspases after TBI. Activation of caspases-3 and 
-9 was significantly elevated from hours to days after in- 
jury, in contrast to active caspase- 8, which was expressed 
in only a few cells. In addition, the pan-caspase inhibi- 
tor z-VAD-fmk improved motor and cognitive neuro- 
logical dysfunction after TBI. Together, these data sup- 
port an involvement of several caspases in secondary cell 
death and neurological dysfunction after TBI, and sug- 
gest that anti-caspase treatment strategies may be poten- 
tially useful after traumatic brain injury in humans. 
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We propose the following model for CTX 
phage secretion. CTX<)>*s homolog of fl pi, 
Zot, a presumed inner membrane protein (27), 
interacts with a multimer of the outer mem- 
brane protein EpsD and thereby induces open- 
ing of this outer membrane channel, through 
which the phage is released. Additional inter- 
actions between Zot, EpsD, and phage coat 
proteins are also likely; interactions between 
CTX phage-encoded proteins and proteins of 
the eps apparatus other than EpsD are probably 
not required It is not known whether a single 
EpsD multimer can interact simultaneously 
with components of both secretory pathways or 
whether the phage and protein secretory pro- 
cesses compete for access to the outer mem- 
brane channel. 

Phage exploitation of a host secretin has not 
been demonstrated previously; however, analy- 
ses of the genomes of additional filamentous 
phages suggest that reliance upon a chromo- 
some-encoded secretin may be a common strat- 
egy for phage secretion. Within the GenBank 
database, there are at least five filamentous 
phages other than CTX<I>— fsl, Vfl2, Vf33, 
Cf lc, and Pf 1 — that do not appear to encode a 
pIV homolog and thus may rely upon a chro- 
mosomal protein instead. All these phages in- 
fect bacterial species that contain type II secre- 
tion systems. In contrast, the filamentous co- 
liphages that encode a phage-specific secretin 
infect a host that generally does not produce a 
secretory apparatus (22). Thus, coliphages may 
have been constrained during their evolution to 
rely upon a phage-encoded secretin. Alterna- 
tively, phage-encoded secretins may grant ac- 
cess to a broader range of host species or 
confer some other evolutionary advantage. 

It is somewhat surprising that EpsD can 
mediate both CTX<|> and CT secretion. Most 
secretins are unable to function within heterol- 
ogous systems, even systems composed of very 
similar proteins with highly related substrates 
(9, 23). Furthermore, the two secretory process- 
es to which EpsD contributes are markedly dif- 
ferent. Phage export releases a cytoplasmic 
DNA molecule coated with inner membrane- 
derived coat proteins, whereas type II secretion 
systems export only free, periplasmic proteins. 
Nonetheless, in V. cholerae, these two disparate 
classes of secretion substrates both appear to 
pass through an outer membrane pore composed 
of EpsD. The convergence of phage and protein 
secretion pathways may be a clue that structur- 
ally similar periplasmic complexes are assem- 
bled during each process. Indirect evidence in 
support of this hypothesis has already been pro- 
vided by the findings that both pathways bear 
similarities, at either the sequence or structural 
level, to type IV pilus assembly (2). Our finding 
that a filamentous phage and a type II secretion 
apparatus use the same secretin provides addi- 
tional evidence that the two export systems have 
a common evolutionary origin and suggests that 
they may still maintain mechanistic similarities. 
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Functional Role of Caspase-1 
and Caspase-3 in an ALS 
Transgenic Mouse Model 
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Mutations in the copper/zinc superoxide dismutase (SOD1) gene produce an animal 
model of familial amyotrophic lateral sclerosis (ALS), a fatal neurodegenerative 
disorder. To test a new therapeutic strategy for ALS, we examined the effect of 
caspase inhibition in transgenic mice expressing mutant human SOD1 with a 
substitution of glycine to alanine in position 93 (mSOD1 G93A ). Intracerebroven- 
tricular administration of zVAD-fmk, a broad caspase inhibitor, delays disease onset 
and mortality. Moreover, zVAD-fmk inhibits caspase-1 activity as well as caspase-1 
and caspase-3 mRNA up-regulation, providing evidence for a non-cell-autonomous 
pathway regulating caspase expression. Caspases play an instrumental role in 
neurodegeneration in transgenic mSOD1 C93A mice, which suggests that caspase 
inhibition may have a protective rote in ALS. 



ALS is a neurodegenerative disorder involv- 
ing motor neuron loss in the brain, brainstem, 
and spinal cord and resulting in progressive 
paralysis. ALS is universally fatal, with an 
average mortality of 5 years after onset (1). 
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Familial ALS accounts for 10 to 20% of all 
cases; the remaining cases are sporadic. Both 
forms of the disease have indistinguishable 
clinical and histopathological features (2). 
Mutations of the SOD1 (mSODl) gene have 
been identified in some cases of familial ALS 
(3, 4). Transgenic mice have been generated 
expressing different mSODl genes identified 
in ALS patients (5, 6). Like humans with 
ALS, these mice develop an adult-onset pro- 
gressive motor deterioration universally lead- 
ing to early death and have been used as 
models for the disease (5, 7). Although the 
mechanisms leading to motor neuron degen- 



www.sciencemag.org SCIENCE VOL 288 14 APRIL 2000 



335 



Reports 



eration in ALS are not thoroughly understood, 
evidence points to apoptotic pathways playing a 
role in human and mouse models of the disease 
{8-10). The caspase family plays an important 
role in the pathogenesis of central nervous sys- 
tem (CNS) disorders featuring apoptosis (77- 
77). Recent reports provide evidence for 
caspase-3 activation in human ALS (18). In 
addition, mSODl expression induces caspase- 
dependent neuronal apoptosis in vitro (19). The 
importance of apoptotic pathways in the patho- 
genesis of ALS is supported by the neuropro- 
tective effects of both the Bcl-2 transgene and 
the dominant-negative caspase-1 inhibitor 
transgene in transgenic mSODl G93A mice (P, 
70). Evidence exists of caspase-1 and caspase-3 
activation in ALS mice (20). Here we provide 
direct evidence for a functional role of 
caspase-1 and caspase-3 in presymptomatic and 
end-stage mSODl G93A mice and demonstrate a 
therapeutic benefit of pharmacologic caspase 
inhibition (27). In addition, we demonstrate that 
caspase-1 is activated in the human ALS spinal 
cord. 

Because caspase-1 activity has been detect- 
ed in spinal cords of mSODl G93A mice and 
caspase-3 activity has been detected in the same 
mice and in humans with ALS, we evaluated 
the expression of activated caspase-1 and 
caspase-3 in spinal motor neurons of 
mSODl G93A mice (8, 20, 22). We performed 
double staining with a neuron-specific antibody 



(NeuN) and either an antibody to activated 
caspase-1 or to activated caspase-3 (23). Begin- 
ning at 70 days of age and thereafter at 90 and 
110 days, caspase-1 and caspase-3 staining 
were shown primarily in NeuN-positive cells in 
the ventral horn of the spinal cord of transgenic 
mSODl G93A mice (Fig. 1, A through P). 
Caspase-positive NeuN-positive cells tended to 
be smaller than caspase-negative NeuN-posi- 
tive cells, suggesting a more advanced apopto- 
tic phenotype. Caspase-1 or caspase-3 staining 
was not detected in spinal cord sections of 
wild-type Httermates or in the brain, spinal cord 
white matter, or dorsal horn of transgenic 
mSODl G93A mice. We evaluated by Western 
blot the caspase-1 and caspase-3 antibodies 
used for immunostaining to confirm their spec- 
ificity in spinal cord tissue for the activated 
caspase subunits (Fig. 1, Q and S). We com- 
pared spinal cord lysates of presymptomatic (50 
days) and symptomatic (90 days) mSODl G93A 
mice using other caspase-1 and caspase-3 anti- 
bodies that recognize both the procaspase and 
the cleaved activated subunit (Fig. 1, R and T). 
Activated caspase-1 and caspase-3 were detect- 
ed in symptomatic mice and not in presymp- 
tomatic mice. In addition, the activated caspase 
antibodies specifically recognized the cleaved 
form of caspase-1 and caspase-3 and not the 
procaspase (Fig. 1, Q and S). 

In light of the fact that caspase-1 and 
caspase-3 are activated in spinal cord motor 



neurons of transgenic mSODl G93A mice, we 
evaluated their functional contribution to the 
progression of the disease by pharmacological- 
ly inhibiting them. Af-benzyloxycarbonyl-Val- 
Asp-fluoromethylketone (zVAD-fmk) was se- 
lected as the agent to be evaluated because it is 
a broad caspase inhibitor that is well tolerated 
by mice in prolonged administration protocols, 
and it has a proven efficacy in other neurode- 
generative disease models (14). We used os- 
motic pumps for delivery of zVAD-fmk into 
the cerebral ventricle (24). Osmotic pumps 
were implanted into 60-day-old mice. At this 
age there has been no significant neuronal loss, 
clinically representing the late presymptomatic 
stage of the disease. Pumps continuously deliv- 
ered the drug for 56 days. The onset of motor 
and/or coordination deficits was defined as the 
first day that a mouse could not remain on the 
Rotarod for 7 min at a speed of 20 rpm (25). 
Mortality was scored as the age of death or the 
age when the mouse was unable to right itself 
within 30 s. The length of time before disease 
onset in transgenic mice treated with either 
vehicle or 300 u,g of zVAD-fmk per 20 g of 
body weight for 28 days (300 ^20 g body 
weight/28 days) was 103.5 ± 2.8 days and 
123.7 ± 6.8 days, respectively. zVAD-fmk 
delayed the disease-induced onset of Rotarod 
deficit by 20.2 ± 6.4 days. In addition, zVAD- 
ftnk treatment prolonged survival from 1 26. 1 ± 
3.0 days to 153.3 ± 8.8 days as compared with 
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Fig. 1. Caspase-1 and caspase-3 expressions in spinal motor 
neurons were detected by immunofluorescence staining. 
Ventral horn sections at the lower thoracic level were 
stained with Hoechst 33342 (A, E, I, and M), NeuN (B, F, J, 
and N), antibody to caspase-1 (C and G) and antibody to 
caspase-3 (CM1) (K and O). Merged images [D from (B) and 
(C); H from (F) and (G); L from 0) and (K); and P from (N) 
Hoechst 33342 NeuN Caspase-3 NeuN/Caspase-3 and (O)] show caspase-1 and caspase-3 staining mostly in 

NeuN-positive but also in NeuN-negative cells, demonstrat- 
ing induction of both caspases in mSODl mice. No caspase-1 or caspase-3 staining was detected in the dorsal horn or in spinal cord sections from 
wild-type littermates [(C) and (K)]. The staining is representative of 70-, 90-, and 110-day-old wild- type and mSODl mice (n = 3 mice per group). 
Scale bar, 30 u>m. (Q through T) Western blot of lysates from 50- and 90-day-old mSOD1 C93A mice. (Q) Activated caspase-1 antibody (p20) used in 
the immunostaining; (R) caspase-1 antibody, which recognizes procaspase- 1 (p45) and activated caspase-1; (S) activated caspase-3 antibody (p17) 
used in the immunostaining; and (T) caspase-3 antibody, which recognizes procaspase-3 (p32) and activated caspase-3. Each lane was loaded with 50 
u,g of protein. 
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vehicle-treated littermates, representing a life- 
span prolonged by 22% (Fig. 2, A through C). 
zVAD-fmk-mediated neuroprotection was 
dose-dependent because mice treated with a 
lower dose (100 u.g/20 g body weight/28 days) 
survived 1 1% longer than vehicle-treated mice. 
However, this protection did not reach statisti- 
cal significance. Motor strength and coordina- 
tion, as evaluated by Rotarod performance, 
were significantly improved in zVAD-fmk- 
treated mice (Fig. 2, D through F). 

A hallmark of ALS in humans, as well as in 
mSODl G93A transgenic mice, is a progressive 
loss of spinal motor neurons (2, 5, 6). To eval- 
uate the effect of zVAD-fmk on motor neuron 
loss, we compared the numbers of cervical and 
lumbar motor neurons in both zVAD-fmk- and 
vehicle-treated mSODl G93A mice at 1 10 days of 
age (26). At this stage, vehicle-treated mice are 
at the end stage of the disease. zVAD-fmk- 
treated mice had a significantly greater number 
of motor neurons at the cervical level as com- 
pared with vehicle-treated mice (Fig. 3A). At 
the lumbar level, zVAD-fmk-treated mice also 
had a greater number of motor neurons; howev- 
er, this did not reach statistical significance (Fig. 
3B). The greater protection from motor neuron 
loss at the cervical level likely represents a 
zVAD-fmk concentration effect. Because 
zVAD-fmk is delivered to the cerebral ventricle, 
the concentration reaching cervical motor neu- 
rons is higher than in the lumbar area, demon- 
strating a concentration-dependent effect of 



zVAD-fmk neuroprotection. Degeneration of 
phrenic nerve axons was also significantly in- 
hibited in zVAD-fmk-treated mice (Fig. 3C). 
zVAD-fmk extends survival of mSODl mice by 
inhibiting motor neuron cell death. 

Given that caspase-1 is activated in the spi- 
nal cords of mSODl G93A mice, we evaluated 
whether zVAD-fmk inhibits caspase-1 activity 
(22). Detection of mature interleukin 1-0 (IL- 
lp) has been used as a sensitive and specific 
marker of caspase-1 activation (J 1-14, 27). Ma- 
ture IL-10 levels were 2.4-fold higher in spinal 
cord samples of 100-day-old mSODl G93A mice 
when compared with age-matched wild-type lit- 
termates, indicating caspase-1 activation (28). 
zVAD-fmk treatment resulted in a 37% reduc- 
tion of caspase-1 activity in the spinal cords of 
mSODl G93A mice (Fig. 3D). We next evaluated 
whether caspase-1 activation is also detected 
in the spinal cords of humans with ALS. We 
demonstrated an 81 .5% elevation of caspase-1 
activity in the spinal cord of humans with 
ALS when compared with normal controls 
(Fig. 3E). These results further validate this 
mouse as a relevant disease model. Because 
mature IL-lp plays a functional role in neu- 
ronal cell death, zVAD-fmk-mediated neuro- 
protection in mSODl mice is likely mediated 
in part by inhibiting activation of this cytokine 
(79, 29, 30). 

Because increased caspase-1 and caspase-3 
activity in transgenic mSODl G93A mice has 
been demonstrated, we investigated whether 



these caspases might also be regulated at the 
transcription level (20, 22). Using reverse tran- 
scriptase-polymerase chain reaction (RT-PCR), 
we quantified caspase-1 and caspase-3 mRNA 
expression in transgenic mSODl G93A mice and 
evaluated the effect of caspase inhibition on 
their expression (31). Beginning at 70 days of 
age, caspase-1 mRNA levels began to increase, 
peaking at 3.2-fold above wild-type levels at 90 
days (Fig. 4, A and B). Caspase-3 mRNA ele- 
vation began at 90 days of age and peaked at 
1 10 days with levels 2.6- fold above those in the 
wild-type mice (Fig. 4, C and D). Caspase-1 and 
caspase-3 mRNA levels were significantly re- 
duced in zVAD-fmk-treated mice by 27 and 
34%, respectively, as compared with vehicle- 
treated mSODl littermates. 

zVAD-fmk is an enzymatic caspase inhibi- 
tor. However, decreased caspase mRNA expres- 
sion levels mediated by zVAD-fmk are consis- 
tent with a detrimental role of intracellular and 
extracellular diffusible factors resulting from 
caspase activation (19, 30). Caspase inhibition 
decreases the production of diffusible factors 
such as mature IL-lp and free radicals (11-14). 
In addition, blocking extracellular binding of 
endogenously produced IL-lp inhibits cell 
death, suggesting a proapoptotic role of extra- 
cellular caspase downstream mediators (19, 30). 
Furthermore, direct injection of EL-1 p into the 
rat brain induces neuronal apoptosis (32). As in 
human neurodegeneration, cell loss in mSODl 
mice is not synchronized — it occurs over a pro- 



Fig. 2. Cumulative 
probability of onset of 
Rotarod deficits (A) and 
survival (B) in mSODl 
mice. Survival was sig- 
nificantly prolonged 
and the onset of Ro- 
tarod deficit was signif- 
icantly delayed in 
mSODl mice treated 
with zVAD-fmk when 
compared with vehide- 
treated transgenic lit- 
termates. Solid One, 
zVAD-fmk; dashed line, 
vehicle. (C) Table of on- 
set of motor deficit and 
mortality. Motor func- 
tion was tested with 
the Rotarod at 5(D), 15 
(E), and 20 rpm (F). 
Testing was terminated 
either when the mice 
fell from the rod or at 7 
min if the mouse re- 
mained on the rod. 
Mice treated with 
zVAD-fmk performed 
significantly better than 
vehide-treated mice 
(*P< 0.05; vehicles 
= 12 mice; zVAD- 
fmk, n - 7 mice). 
Square, zVAD-fmk; 
circle, vehicle. 
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longed period of time. Therefore, because 
neighboring cells are at different stages of the 
apoptotic pathway, diffusible factors produced 
by cells in which caspases are activated likely 
have a detrimental effect on neighboring cells, 



resulting in caspase up-regulation. Hence, 
caspase inhibition in one cell likely delays a 
neighboring cell from initiating the caspase cas- 
cade. Thus, unlike in Caenorhabitis elegans, the 
caspase cascade in vertebrates is not cell-auton- 
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Fig. 3. zVAD-fmk treatment 
significantly inhibits the loss 
of spinal motor neurons and 
phrenic nerve myelinated ax- 
ons in mSODI mice. (A) Cer- 
vical spinal motor neuron 
counts (wild- type mice, n = 3; 
vehicle, n - 5; zVAD-fmk, n = 
5), (B) lumbar spinal motor 
neuron counts (wild-type 
mice, n — 3; vehicle, n = 5; 
zVAD-fmk, n = 6), and (C) 
phrenic nerve axonal counts 
(n = 6 mice per group) in 
110-day old mice. Mature IL-ip levels, indicating caspase-1 activation in (D) mSODI mice at 100 
days of age (n = 4 mice per group) and in (E) human spinal cord normal control and ALS patients 
(n = 4 humans per group). Mature IL-1(J levels significantly increased in mSODI transgenic mice 
and in human ALS patients as compared with wild-type age-matched littermates and control spinal 
cord tissue. zVAD-fmk treatment reduced caspase-1 activity in the spinal cords of mSODI mice 
(*P < 0.05, **P < 0.01). Error bars indicate SEM. 
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Fig. 4. Caspase-1 and caspase-3 mRNA levels were quantified in spinal cord specimens of mSODI 
mice. Ethidium bromide-stained gels of RT-PCR analysis of (A) caspase-1 and (B) caspase-3 mRNA 
run in parallel with those of GAPDH mRNA. (C) and (D) show time-dependent up-regulation of (C) 
caspase-1 and (D) caspase-3 mRNA expression in mSODI transgenic mice compared with 
age-matched wild-type mice (*P > 0.05, n = 6 mice per time point). Caspase levels are normalized 
to GAPDH expression and tabulated as the caspase ratio of SOD^ 93A to wild-type mice. Square, 
zVAD-fmk; circle, vehicle. Error bars indicate SEM. 



omous but rather is influenced in a paracrine 
fashion by the extracellular microenvironment 
(33). 

We demonstrate inhibition of disease pro- 
gression and extended survival in a transgenic 
mouse model of ALS by pharmacologic caspase 
inhibition, and we show that caspase-1 and 
caspase-3 are expressed in neurons in transgenic 
mSODl G93A mice. Furthermore, we demon- 
strate that caspase-1 is activated in spinal cord 
samples from humans affected by ALS. Consis- 
tent with in vitro evidence in nonneuronal cell 
lines, we demonstrate that caspase-1 mRNA is 
up-regulated before that of caspase-3, suggest- 
ing that caspase-1 mediates early disease pro- 
cesses and that caspase-3 may be involved in the 
terminal stage of the apoptotic pathway (34, 35). 
Interestingly, in vitro caspase-1 activates 
caspase-3 (36). In addition to an inflammatory 
role of caspase-1, early caspase-1 neuronal ex- 
pression indicates its importance as an early 
mediator of the neuronal apoptotic cascade. Be- 
cause of the extensive similarities in the behav- 
ioral, histologic, and molecular mechanisms be- 
tween the mSODl G93A transgenic mouse and 
humans with ALS (familial and sporadic), these 
results provide therapeutic information relevant 
to the human disease. These results indicate that 
caspases play a role not only in the end stage of 
ALS but also in the presymptomatic progression 
of the disease, which suggests that therapy tar- 
geted at inhibiting caspase function should be- 
gin in the presymptomatic stage of ALS. 
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form of acute hepatitis. Although the infection 
resolves in 15% of cases, it becomes chronic in 
up to 85% of infected individuals (J). The clin- 
ical course of chronic hepatitis C is highly vari- 
able. In about 70% of the patients the disease is 
mild and stable over several decades, whereas in 
the remaining 30% it is more rapidly progres- 
sive. Prospective studies of hepatitis C have 
failed to identify any clinical, serologic, or viro- 
logic features that predict the outcome of the 
disease (4). 

The mechanisms responsible for the high 
rate of viral persistence and for the variable 
clinical course of hepatitis C are unknown, 
but are thought to represent a complex inter- 
play between viral diversity and host immu- 
nity (J), Although HCV infection induces 
strong cellular and humoral immune respons- 
es (f5, 7), they are generally insufficient to 
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The mechanisms by which hepatitis C virus (HCV) induces chronic infection in 
the vast majority of infected individuals are unknown. Sequences within the 
HCV El and E2 envelope genes were analyzed during the acute phase of 
hepatitis C in 12 patients with different clinical outcomes. Acute resolving 
hepatitis was associated with relative evolutionary stasis of the heterogeneous 
viral population (quasispecies), whereas progressing hepatitis correlated with 
genetic evolution of HCV. Consistent with the hypothesis of selective pressure 
by the host immune system, the sequence changes occurred almost exclusively 
within the hypervariable region 1 of the E2 gene and were temporally correlated 
with antibody seroconversion. These data indicate that the evolutionary dy- 
namics of the HCV quasispecies during the acute phase of hepatitis C predict 
whether the infection will resolve or become chronic. 
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It has been suggested that apoptosis may play a role 
in the mechanism of neurodegeneration in amyo- 
trophic lateral sclerosis (ALS) (1). Interleukin- lp 
converting enzyme/Caspase- 1 (ICE/Caspase-1) is a 
cysteine protease that shares sequence homology 
with the protein product of ced-3, the gene 
responsible for cell death of the Caenorhabditis 
elegans. Its homology initiated studies about the 
role of ICE/Caspase-1 in apoptosis (2, 3). The 
activation of caspases appears to play a key role in 
this process (4). APO-l/Fas/CD 95, a member of the 
tumor necrosis factor receptor superfamily, is a 
transmembranous protein that can transduce cell 
death signals via a proteolytic cascade upon cross- 
linking or ligand binding (5, 6). Soluble APO-l/Fas/ 
CD 95 (sAPO-l/Fas/CD 95) is able to protect cells 



from Fas-mediated apoptosis (7). Triggering of CD 
95 rapidly stimulates the proteolytic activity of ICE. 
Overexpression of ICE potentiates Fas-mediated 
cell death (8, 9). Determination of apoptotic 
parameters could help to explain the mechanism 
of neurodegeneration in ALS. 



Material and methods 

Twenty-five patients with clinically definite ALS 
were studied. ALS was recognized on the basis of El 
Escorial Criteria WFN of ALS (10). The mean 
duration of the disease was 1.4 years (range 3 
months^4 years). According to Munsat, the ALS 
Health State Scale (11), the patients were divided 
into 4 groups: mild, moderate, severe and terminal, 
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and into 3 groups in dependence on time of ALS 
duration. Group characteristics are summarized in 
Table 1. 

The control group consisted of 15 patients (8 
males/7 females) with lumbosacral disc disease. The 
mean age was 55 years (range 32-69). Blood and 
cerebrospinal fluid were taken for examination from 
the patients of the control group during diagnosis. 
The cerebrospinal fluid was collected from a lumbar 
puncture performed on radiculography. Lumbo- 
sacral disc disease was confirmed by means of 
computer tomography or magnetic resonance ima- 
ging. The history, neurological examination and 
additional tests (biochemical test of blood serum, 
urine analysis, general examination of the cerebro- 
spinal fluid, X-ray of the chest) allowed us to exclude 
other diseases which could affect the levels of ICE and 
sAPO-1. 

The measurements were performed one time in 
serum and cerebrospinal fluid (CSF) from ALS and 
control group patients. The study was approved by 
the ethics committee of the Lublin Medical School. 

Clinical samples were kept at 2-8 °C and cen- 
trifuged rapidly before storing at — 20°C to avoid 
loss of bioactive sAPO-1 and ICE. ICE and sAPO-1 
levels were measured by sandwich enzyme-linked 
immunosorbent assay (ELISA) (12) using the 
sAPO-l/Fas ELISA and IL-ip converting enzyme 
(ICE/Caspase-1) ELISA (human kits from Bender 
MedSystems Diagnostics GmbH). Sensitivity of 
sAPO-l/Fas ELISA method was 20 pg/ml, and 
ICE/Caspase-1 ELISA method - 5 pg/ml. 

For statistical analysis the Mann-Whitney U- 
test, ANOVA procedure (Kruskal-Wallis test), and 
Spearman rank correlation were used. P values 
<0.05 were considered significant. 



Results 

The mean ICE level from serum of ALS patients 
was significantly higher than controls (i > <0.05), 
however the mean ICE level from CSF of ALS 
patients was significantly lower than controls 

Table 1 . Characteristics of ALS patients 

Number of patients 25 

Male/female 13/12 

Age of patients 57 (34-77} 
Munsat the ALS Health State Scale 

Mild 5 



Table 2. Comparative analysis of Caspase-1 and sAPO-1 levels (pg/ml) in ALS 
patients with controls 



Parameter 


ALS patients 


Controls 


P 


ICE in serum 


89.3 SD 33.1 


56.0 SD 14.5 


0.0002* 


ICE in CSF 


6.36 SD 4.55 


16.4 SD 9.9 


0.0027* 


sAPO-1 in serum 


1781.6 SD 702.6 


1530.2 SD 431.3 


0.605 


sAPO-1 in CSF 


188.2 SO 36.0 


184.6 SD 28.6 


0.730 



Mann-Whitney U-iesX. * P<0.05 statistical significance versus control group. 

OP < 0.05). sAPO-1 levels in serum and CSF of 
ALS patients did not differ significantly from 
controls (P>0.05) (Table 2). 

The study has shown that ICE and sAPO-1 levels 
in serum of ALS patients had a tendency to increase 
with the time of ALS duration. ICE in CSF of ALS 
patients has been increasing with the time of 
duration of ALS and with the advance of the 
disease, but it has been decreasing in the groups of 
patients with terminal clinical status and with the 
longest time of ALS duration. Statistical analysis 
showed that there was no significant correlation 
between clinical status, time of ALS duration, and 
levels of ICE and sAPO-1. The clinical status of 
patients and time of duration of the disease did not 
influence significantly ICE and sAPO-1 levels in 
serum and CSF of ALS patients (P>0.05) 
(Table 3). 



Discussion 

Experimental research conducted with the model of 
a transgenic SOD 1 mutant mouse and in vitro 
suggests that apoptosis may play a role in the 
process of the death of neurons in ALS. The 
mutations in Cu/Zn superoxide dismutase 1 (SOD- 
1) have a significant role in the pathogenesis of ALS 
(13). Pasinelli et al. (14) showed increased activity of 
ICE in motoneurons limits with expression of 
mutated SOD-1. ICE is activated by xanthine/ 
xanthine oxidase which increases production and 
secretion of pro-interleukin 1 p. Activation of ICE in 
SOD-1 transgenic mouse, causes changes character- 
istic of apoptosis process in the spinal cord area. 

Table 3. Relationship of Caspase-1 and sAPO-1 levels [pg/ml] with clinical status 
and time of ALS duration 



Clinical status 



ALS duration 



Moderate 


7 


Parameter 


H 


P 


H 


P 


Severe 


8 












Terminal 


5 


ICE in serum 


0.49 


0.93 


0.69 


0.70 


Time of ALS duration 




ICE in CSF 


2.17 


0.53 


2.54 


0.28 


0-6 months 


9 


sAP0-1 in serum 


0.81 


0.84 


1.30 


0.52 


7-24 months 


10 


sAPO-1 in CSF 


0.43 


0.93 


1.77 


0.41 



25-48 months 



H: value of Kruskal-Wallis test. P<0.05 statistical significance. 
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APO-1 can mediate cytotoxicity, and play a role 
in cell survival in the immune system and in the 
nervous system. It is presumed that in neurodegen- 
erative diseases, among others, in ALS increased 
expression of CD 95-CD 95L on glial cells may lead 
to apoptosis (15). De la Monte et al. (16) state that 
death cell mechanism dependent on Fas receptor 
may be important in ALS. APO-1 expression 
increase and nuclear DNA fragmentation were 
shown in the motor cortex and spinal ventral horns 
in ALS. 

Gamen et al. (17) reported that caspases play the 
leading role in apoptosis depending on Fas receptor. 
Activation of caspases takes place under the influence 
of the adapter protein Fas-associated death domain 
(FADD), as the outcome of Fas receptor stimulation 
by its ligand ( 1 8). This process leads to mitochondrial 
transmembrane potential damage. It was shown that 
Caspase-1 -treated mitochondria release an apopto- 
sis-inducing factor causing DNA fragmentation (19). 

Caspases play an important role in the process of 
neurodegeneration of SOD- 1 transgenic mice, which 
suggests that caspases inhibition may play a protec- 
tive role in ALS. Intracerebroventricular adminis- 
tration of VAD-fmk, a caspase inhibitor, delays ALS 
onset and mortality (20). Milligan et al. (21) reported 
that peptide inhibitors of ICE proteases prevent 
apoptosis in motoneurons in vivo and in vitro. ICE- 
like proteases might affect disease progression in 
ALS mouse model and suggest that ICE inhibitors 
may be a useful treatment for ALS (22). 

Vercammen et al. (23) demonstrated the existence 
of two different pathways originating from the Fas 
receptor. If one pathway is blocked by caspase 
inhibitors, a second leads to necrosis and oxygen 
radical production. That is why in ALS a combined 
therapy which influences different potential neuro- 
degeneration mechanisms is most recommended. 

Our study suggests that ICE may be considered 
when we deal with the case of the death of neurons in 
ALS. There are no essential differences in the levels of 
sAPO- 1 in blood serum and in the cerebrospinal fluid 
of the ALS patients in comparison with the control 
group, but we cannot exclude that s APO-1 receptor 
may play a role in the pathomechanism of the disease. 
No significant correlation has been found between 
the levels of the apoptosis parameters and the 
duration of the disease and the clinical state of the 
patients. It is difficult to interpret the findings and the 
conclusions are limited . We could not include into the 
control group the patients with other progressive 
neurological conditions. Due to ethical reasons we 
did not take the cerebrospinal fluid from them. The 
control group consisted of patients with lumbosacral 
disc disease, in whose case it was possible to take the 
cerebrospinal fluid during examination. In view of 
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the fact that there is not a more appropriate control 
group for the ALS patients, which would be patients 
with progressive neurological diseases, it is difficult to 
say whether the findings are specific of ALS. The 
conclusions are also limited by a very small number of 
patients who took part in the research. Therefore if 
we want to know the potential mechanisms of the 
death of neurons in ALS we need further research. 
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(3-amyloid peptide (Ap) has been implicated in the patho- 
genesis of Alzheimer disease and has been reported to 
induce apoptotic death in cell culture. Cysteine pro- 
teases, a family of enzymes known as caspases, mediate 
cell death <in many models of apoptosis. Multiple 
caspases have been implicated in Ap toxicity; these re- 
ports are conflicting. We show that treatment of cerebel- 
lar granule cells (CGC) with A0 2M5 causes apoptosis 
associated with increased activity of caspases-2, -3 and 
-6. Selective inhibition of each of these three caspases 
provides significant protection against Ap-mediated ap- 
optosis. In contrast, no change in caspase-1 activity was 
seen after A0 2& ^ 5 application, nor was inhibition of 
caspase-1 neuroprotective. Similar to CGC, cortical neu- 
ronal cultures treated with Ap 25 _35 demonstrate in- 
creased caspase-3 activity but not caspase-1 activity. 
Furthermore, significant neuroprotection is elicited by 
selective inhibition of caspase-3 in cortical neurons ad- 
ministered Ap 2 5^3 5l whereas selective caspase-1 inhibi- 
tion has no effect. Taken together, these findings indicate 
that multiple executioner caspases may be involved in 
neuronal apoptosis induced by Ap. J. Neurosci. Res. 65: 

45-53, 2001 . © 2001 Wiley-Liss, Inc. 

Key words: caspase inhibitors; cerebellar granule cells; 
cortical neurons; in vitro 



Alzheimer disease (AD) is charactenzed by morpho- 
logical changes, such as the development of neurofibrillary 
tangles and the extracellular accumulation of 3-amyloid 
(Ap), and by neuronal loss leading to cognitive deficits 
(Terry et al , 1 994). Numerous studies have demonstrated 
the toxicity of exogenous Ap in cultured neurons, sug- 
gesting that A3 may have a primary role in the neuronal 
loss associated with AD (for review see Iversen et al . 
1 995). Application of AP to cultured neurons induces cell 
death that has the characteristic features of apoptosis, such 
as nuclear condensation and fragmentation as well as 
membrane blebbing (Loo et al , 1993. Copani et al . 1995. 
Cagnoh et al , 1996, Estus et al., 1997, tvms et al . 1998, 
.Allen et al , 1999) 

In addition to the changes listed above, apoptosis is 
charactenzed by the selective activation of cell death pro- 



grams Certain cysteine proteases, known as caspases, are 
believed to be essential mediators of many of the pathways 
involved in executing the apoptotic program Mammalian 
caspases belong to a rapidly expanding family of enzymes 
that may be functionally subdivided into a three broad 
categories (for review see Eldadah and Faden. 2000) Ini- 
tiator caspases include caspases-8, -9 and -10, and possibly 
caspase-2 The executioner caspases include caspases-3, -6 
and -7 Caspase-2 has also been classified within this group 
(Thornberry et al., 1997) Hypothesized to be located 
downstream from the initiator caspases, executioner 
caspases may directly implement the apoptotic death pro- 
gram. The third group, termed pro-inflammatory caspases, 
include caspase-1 and caspase-1 1 As their name implies, 
they are intimately involved in inflammatory cytokine 
processing 

Recent studies suggest that various caspases may be 
activated or upregulated in postmortem tissue from pa- 
tients with verified AD Increases in caspase-1 protein 
level and activity have been reported in hippocampi ho- 
mogenates from AD brains (Chan et al , 1999). and 
caspase-3 immunoreactivity is increased in brain tissue 
from AD patients (Masliah et al , 1998: Chan et al , 1999) 
In vitro studies have also demonstrated increases in caspase 
activity after AP administration. Application of non- 
specific caspase inhibitors is protective against Ap- 
mediated neuronal apoptosis (Jordan et al., 1997; Keller et 
al , 1998, Mattson et al.. 1998: Chan et al , 1999; Harada 
and Sugimoto, 1999; Ivins ct al , 1999a, Troy et al , 2000) 
Considerable controversy exists however in the literature 
as to which specific caspases are involved Caspase-1 (Jor- 
dan et al . 1997). -2 (Trov et al , 2000), -3 Qordan et al . 
1997, Mattson et al , 1998. Michaehs et al , 1998, Harada 
et al . 1999, Selznick et al . 2000; Troy et al . 2000), -8 
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(Ivins et al., 199%), and -12 (Nakagawa et al , 2000) have 
all been implicated in the pathogenesis of AfJ toxicity in 
vitro 

The present study sought to determine which of the 
executioner caspases are involved in Ap-induced neuronal 
apoptosis. Activity assays and inhibitor studies were earned 
out for caspase-2, -3 t and -6. Caspase-7 was not included 
because it has been reported to be undetectable in brain 
tissue (Femandes-Alnemn et al , 1995: Desjardins and 
Ledoux, 1998). In addition, we investigated the role of 
caspase-1. as this caspase has been reported to be upregu- 
lated in postmortem AD brain tissue (Chan et al., 1999). 
Selected studies were earned out in both cerebellar granule 
cell and cortical neuronal cultures to determine whether 
differences in the literature may reflect the cell type studied, 

MATERIALS AND METHODS 
Cerebellar Granule Cells 

Primary cerebellar granule cell (CGC) cultures were pre- 
pared as desenbed previously (Eldadah ec al , 1997) Bnefly, 
cerebella from 8-day-old Sprague-Dawley rat pups (Taconic 
Farms, Gerrnantown, NY) were dissected in Krebs- Ringer bi- 
carbonate buffer containing 0 3% bovine serum albumin (BSA, 
Life Technologies, Gaithersburg, MD) Cerebella were then 
minced and dissociated m 1 ,800 U/ml trypsin (Sigma. St. Louis, 
MO) at 37°C for 20 mm Addition of 200 U/ml DNase [ 
(Sigma) and 3,600 U'ml soybe.in trypsin inhibitor (Ltfe Tech- 
nologies) halted trypsimzanon Individual cells were obtained by 
multiple rounds of trituration After settling, supernatant was 
centnfuged through a 4% BSA layer Cell pellets were then 
resuspended m seeding medium comprised of basal medium 
Eagle (BME, Life Technologies) supplemented with 2 mM 
glutamine (Biofluids, Rockville, MD). 50 u>g/ml gentamicin 
sulfate (Biofluids), 10% fetal bovine serum (FBS, Hyclone Lab- 
oratories, Logan, UT), and 25 mM KCL (Sigma) Cells were 
seeded at 1 5 X 10 3 cells/cm 2 onto 6-well, 2 4- we 11 or 9 6- well 
microplates (Coming, Coming, NY) precoated with poly-L- 
lysine (30-70 kDa, Sigma) Ten micro molar cytosme-p- 
arabinofuranoside (ara-C, Sigma) was added after 24 hr to stop 
gha proliferation Cultures were incubated at 37°C in 5% C0 2 
and were used for experiments between 5 and 7 davs in vitro 
(DIV) 

Cortical Neuronal Cultures 

Neocortices from 1 8-day-old Sprague-Dawley rat em- 
bryos (Tacomc Farms, Gerrnantown, NY) were used to prepare 
corneal neuronal cultures Neurons were prepared as described 
previously in detail (Mukhin et al , 1998) Bnefly. cortices were 
dissociated in Hank's balanced salt solution without calcium or 
magnesium (Mediacech, Herndon, VA) supplemented with 
10 mM HEPES (pH 7 0. Biofluids) and 1 mM sodium pyruvate 
(Biofluids) Individual cells were obtained bv dissociation, after 
that cell suspension was diluted with neurobasal medium (NBM, 
Life Technologies) supplemented with 25 \x. M glu Canute (Sig- 
ma), U 5 mM glutamine, 1% annbiotic-ancimycotic, and 2% B27 
supplement (Life Technologies) Cells were seeded at I X 10" 
cells 'nil onto 24- well or 96- well microplates precoated with 
10 jxg/ml poIv-D-lysine (Sigma) Cultures were fed at 4 DIV by 



the addinon of an equal volume of NBM supplemented with 
0 5 mM glutamine, 1% antibiotic-antimvcotic, and 2% B27 
supplement Cortical neuronal cultures were used for experi- 
ments at 11-14 DIV 

Induction of p -Amyloid Apoptosis In Vitro 

P -Amvloid peptide fragment 25-35 (AP 25 _ 35 , Bachem, 
King of Prussia, PA) was resuspended m DW to 2.5 mM, 
akquoted, and stored at — 20°C Aliquots were thawed only 
once and used immediately or discarded For CGC. media was 
replaced with BME supplemented with 2 mM glutamine. 
50 u.g'mi gentamicin sulfate, 10% dialyzed FBS (Hyclone Lab- 
oratories), 25 mM KCL. and 10 u,M ara-C as appropnate For 
cortical neuronal cultures, media was replaced with NBM sup- 
plemented with 0 5 mM glutamine, 1% annbionc-antimycotic, 
and 2% B27 supplement Ap 25 _ 35 was diluted in a small amount 
of DW and added direcdy to culture media to the desired 
concentration This amount of DW was added to control cul- 
tures Cultures were incubated at 37 °C before cell death assess- 
ment by calcetn AM fluorescence. 

Calcein AM Staining 

Cell viability was esnmated by the retention and deesten- 
fication of calcem AM (Molecular Probes, Eugene, OR.) as 
desenbed previously (Eldadah et al , 1997) Cells were washed 
with Locke's buffer containing 154 mM NaCl (Sigma), 5 6 mM 
KC1. 3 6 mM NaHC0 3 (Sigma). 2.3 mM CaCU (Sigma). 
1 2 mM MgCU (Sigma), 5 6 mM glucose (Biofluids). and 5 mM 
HEPES (pH 7 4, Biofluids) Cells were then loaded with 5 jxM 
calcem AM in Locke's buffer for 30 mm at 37 °C Fluorescence 
was quantified using a CytoFluor II Fluoresence Multi-well 
Plate Reader (PerSeptive Biosystems, Inc , Framington, MA) 
To account for vanabihty in number of cells between wells and 
platings, one culture from each plating was washed and the 
number of viable cells in each well was estimated by the calcem 
assay desenbed above All subsequent experimental manipula- 
tions were normalized to this control plate by dividing each 
condition by the results of the corresponding wells on the 
control plate. 

DNA Fragmentation Analysis 

DNA was extracted and analyzed after a previously estab- 
lished protocol with minimal modifications (Eldadah et al , 
1996) Briefly, cells were lysed in 7 M guanidine hydrochloride 
(Life Technologies). Nucleic acids were extracted by adding 
lysate to Wizard Miniprep DNA Punficauon Resin (Promega, 
Madison. WI), followed by centnfugation at 2,000 X g. Pellets 
were resuspended in washing solution containing 90 mM NaCl, 
9 mM Tns-HCl (pH 7 4, Sigma), 2 25 mM EDTA (Sigma) and 
55?^ ethanol (Sigma) This solution was filtered through a Wiz- 
ard Minicolumn (Promega) mounted onto a vacuum manifold 
and then washed with washing solution Columns were then 
dned bv centnfugation at 5,000 X g for 2 rrun Nucleic acids 
were eluted with deionized water and centntugation at 5,000 X 
for 2 nun RNA was destroved by incubation with 2 u,g 
RNase A (5 Pnnie->3 Pnme, Boulder, CO) for 15 mm at 37°C 
DNA was loaded onto a I 5% agarose gel (United States Bio- 
chemicals. Cleveland, OH) in TBE butler (Digene Diagnostics. 
Belts ville, MD) containing 0 5 u,g 'ml ethidium bromide (Sig- 
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ma) Electrophoresis was earned out at 5 Vcm and DNA was 
visualized bv 300 nm transillumination on a Speedhght Gel 
Documentation System (Hoeter, San Francisco, CA) 

Caspase Activity Assay 

Caspase-1 and -3 activity were estimated using a rlu- 
orogeruc assay after minor modifications of an established 
method (Eldadah et al , 1997) In brief, media wis completely 
aspirated from 24-well microplates and Locke's buffer was 
added to each well, followed bv saponin (D 03%. Sigma) 
Places were then incubated at room temperature for 10 min 
with gentle agitation A small volume of crude cell extract 
was removed for protein quantitation f*ee below J Ac- 
DEVD-AMC (20 p,M) or Ac-YVAD-AMC f20 |mM) was 
added to each well and plates were briefly agitated Free 
aminomethylcoumann accumulation was measured over time 
using a CytoFluor II Fluoresence Multi-well Plate Reader 
with excitation at 360 nm and emission at 460 nm Specific 
activity was determined bv linear regression analysis. Protein 
quantitation was earned out using the CBQCA Protein 
Quantitation Kit (Molecular Probes, Eugene, OR) following 
manufacturer's guidelines Specific activity from each sample 
was then corrected for protein content 

Caspase-2 activity was estimated using specific fluorogenic 
substrate and by immunoblot analysis Caspase-6 activity was 
estimated using a fluorogenic substrate Protein extracts were 
obtained from 24- well microplates by aspirating media and 
replacing it with reaction buffer containing 10 mM HEPES, 
2 mM EDTA (Bioiuids). 0 1% CHAPS (Sigma) and 5 mM 
DTT (Sigma). lodoacetamide (0 1 mM. Calbiochem, San Di- 
ego, CA), AEBSF ( I mM ? Calbiochem) and aprotinin (1 mM, 
Calbiochem) were added to inhibit endogenous proteinases 
Protein quantitation was earned out via Bradford method (Bio- 
Rad, Hercules, CA) following manufacturer's recommenda- 
tions Each sample was incubated with reaction buffer and 
appropnate substrate (0 04 mg/ml) Results were corrected for 
protein content after linear regression For immunoblot analysis, 
samples were obtained from 96-well plates and protein content 
of each sample was quantified using the Bradford method 
Samples were stored at — 80°C Twenty micrograms of protein 
was then loaded on 4-20% Tns-Glycine gel (No vex, San Di- 
ego, CA) and subjected to electrophoresis at 100 V for 2-3 hr in 
a running buffer compnsed of Tns/Glycwe/SDS (BioRad) 
Mouse spleen tissue extract (50 |i.g, StressGen. Victona, BC. 
Canada) was used as a positive control Samples were then 
transferred to a PVDF membrane (BioRad) in Tns/Glycine 
buffer (BioRad) at 25 V for 2 hr Membranes were blocked at 
room temperature for 2 hr with 5% milk in TBS containing \% 
Tween-20 (Sigma) Membranes were incubated with rabbit 
anti-caspase-2 (4 |xg/ml, StressGen) or mouse monoclonal anti- 
(3-actin (Sigma) antibodies overnight at 4°C with gentle agita- 
tion After washing three times for 10 min each in TTBS. 
membranes were incubated with HRP-hnked anti-rabbit im- 
munoglobulin (I 2,000 dilution, Amersham, Piscataway. NJ) for 
1 hr at room temperature Membranes were washed using 
TTBS and signal was detected using enhanced chemilumino- 
cences ECL Western blot kit (Amershani) and Hyperfilm ECL 
(Amersham) 



Drugs 

Z-DEVD-FMK. Ac-DEVD-CHO and Z-YVAD-FMK 
were obtained from Enzyme Systems Products (Livermore, 
CAi Ac - Y V AD- AM C and Ac-DEVD-AMC were obtained 
from Bachem Ac-VDVAD-AFC Z-VDVAD-FMK, Ac- 
VEID-AFC, Z-VEID-FMK and Z-Boc-D-FMK were obtained 
from Bio-Rad, Richmond. CA These substrates and inhibitors 
represent the optimal peptide recognition sequences for each 
respective caspase. or all caspases ''z-Boc-D-FMKj, as defined 
previously (Thornberry et al , 1997) 

RESULTS 

P-Amyloid Induces Cerebellar Granule Cell 
(CGC) Apoptosis 

AP 25 _ J5 (25 |xM) treatment of CGC m the presence 
of serum produces neuronal death that is detectable only 
after 120 hr (Fig I A) In contrast. CGC depnved of serum 
exhibit significant cell death bv 48 hr (Fig 1A) Concur- 
rent serum deprivation and A(J 2 5_35 (25 p.M) application 
induces significandy greater levels of CGC death as com- 
pared with either treatment alone (Fig 1 A). Dose response 
curve for serum in the presence of Ap-, 5 _ 35 (25 |xM) 
exhibits an EC 5n of 0 391% (Fig IB). 

We have shown previously that both serum depn- 
vation and administration of A3 25 _ 35 with serum with- 
drawal produces significant CGC death that is character- 
ized by morphological changes consistent with apoptosis as 
detected by calcein AM and Hoechst 33525 staining (El- 
dadah et al . 1997, Allen et al , 1999). Analysis of DNA 
extracts at 48 hr reveals the absence of laddenng in both 
control cultures and CGC treated with A3 2 5-35 (25 u,M), 
and minimal DNA laddenng in extracts from CGC de- 
pnved of serum In contrast, prominent laddenng is seen 
in extracts from CGC simultaneously treated with AP 25 _j 5 
and serum depnvaaon at both 24 and 48 hr (Fig. 1C) 

Selective Caspase Activation Occurs in CGC 
Exposed to Ap 25 _ 35 in the Absence of Serum 

We have demonstrated previously that CGC simulta- 
neously depnved of serum and potassium exhibit increased 
activity of caspase-3 with no change in caspase-1 activity 
(Eldadah ec al., 1997). Using relatively selective fluorogenic 
substrates for caspase-1, 2, 3, and 6 we examined the profde 
of caspase activation in CGC treated with A3 2 5-35 (25 u,M) 
and concomitant serum depnvaaon No difference is seen in 
cleavage of the caspase-1 substrate Ac-YVAD-AMC in ex- 
tracts from CGC exposed to A(3 2 >-35 ana " serum depnvation 
for 24 hr as compared with control CGC extracts (Fig 2) In 
contrast, significant increases in cleavage of the substrates for 
caspase-2 (Ac-VDVAD-AFC), caspase-3 (Ac-DEVD-AMC) . 
and caspase-6 (Ac-VEID-AFC) occur after 24 hr of treat- 
ment of CGC wnth AP 25 _ 35 in the absence of serum (Fig. 2). 

Extracts from control cultures and CGC exposed to 
Ap 25 _n 5 (25 u,M) with simultaneous serum depnvation 
were subjected to immunoblot analysis using anti- 
caspase-2 antibody. Mouse spleen tissue extract was used 
as a positive control Consistent with our data using Ac- 
VDVAD-AFC, a caspase-2 substrate, CGC treated with 
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Af} 25 _33 and serum vvuhdravval exhibit loss of procaspase-2 
bands and increases in bands corresponding to activated 
caspase-2 fragments at both 12 and 24 hr (Fig 3) 

Selective Caspase Inhibition Rescues CGC From 
Combined A3 2S _ 35 and Serum Deprivation 
Toxicity 

To determine the functional relevance of the selec- 
tive caspase activation reported in the present study, CGC 
cultures exposed to AP 25 _ 35 (25 u,M) with concurrent 
serum withdrawal were treated with selective caspase in- 
hibitors and cell viability was determined at 24 hr The 
pan-caspase inhibitor Z-Boc-D-FMK (150 (jliVI) provided 
significant protection against this insult (Fig 4) As pre- 
dicted by the lack of caspase- 1 acnviry. the caspase- 1 
inhibitor' Z-YVAD-FMK (150 u>i) had no effect of 
toxicity induced by Ap 25 _ 35 with serum deprivation (Fig. 
4) In contrast, and again consistent with our data using 
fluorogemc substrate assays, the inhibitors of caspase-2 
(Z-VDVAD-F.MK, 30 |xM), caspase-3 (Z-DEVD-FMK, 
160 (xM), and caspase-6 (Z-VEID-FMK, 150 U-M) all 
provided significant protection against A(3 2 5_3 5 -toxicity in 
the absence of serum (Fig 4) 



Fig l A3 , with concurrent serum deprivation induces CGC 
apoprosis A: Cell survival as determined by calcein AM fluorescence in 
control CGC cultures (open bars) was compared with viability of CGC 
exposed to Ap 25 _ 35 (25 u,M, gray bars). serum deprivation (hatched 
bars), and Ap 25 _ 35 (25 u,M) with concurrent serum deprivation (black 
bars) at various time points Significant cell death in Ap 25 _ 35 -treated 
CGC ls not detectable until after 5 days of exposure, whereas significant 
toxicity is seen at 48 hr for both serum deprived CGC and cultures 
incubated with A(3 25 _ 35 in the absence of serum At all time points 
studied, combined treatment with A(3 2S _ J5 and serum deprivation 
induces significandy greater cell death than either insult alone Data are 
expressed as a percentage of control calcein AM values Scale bars = 
mean +■ SEM. n = 10 cultures per condition *P < 0 05 vs control 
fP < 0 05 vs AP 25 _ 33 < 0 05 vs serum deprivation ANOVA 
followed by Student-New man-K.euls test B; Dose response curve was 
generated for serum Serial dilutions of serum were earned out and 
CGC were incubated with A(3 2S _ 35 (25 u,M) in the presence of the 
indicated concentration of serum before cell viability was determined at 
48 hr A3 25 _ 35 -toxicity exhibits a significant serum dose-dependent 
correlation (r = 0 943. P < 001, Spearman's Rank Correlation test) 
Non-linear regression analysis estimates EC 5(> at 0 391% Data are 
expressed as a percentage of calcein AM Values represent mean + 
SEM. n = 10 cultures per condition C: DNA was extracted and 
subjected to gel electrophoresis as detailed in Materials and Methods 
Equal amounts of DNA were loaded to each lane DNA isolated 
from control CGC (lane t) or CGC treated with AP 25 ^ J5 
(25 u,M) in the presence of serum (lane 2) does not demonstrate 
identifiable fragmentation at 48 hr In contrast, minimal DNA frag- 
mentation is visible after serum depnvanon at 48 hr (lane 3) More 
prominent DNA fragmentation was observed in DNA isolated from 
CGC intubated with Ap 2S _ 35 (25 u,M) with concurrent serum depri- 
vation at both 24 hr (lane 4) and 48 hr (lane 5 1 ! Posime control is 
provided bv depriving CGC of both serum and potassium for 24 hr 
(lane 6^ a well-studied apoptotic insult (Eldadah et al . 1997^ 
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Fig 2 Significant increases in executioner caspases occurs in CGC 
exposed to A£ 25 _^ 5 in the absence of serum CGC were incubated with 
Ap 23 _ 35 (25 jjlM) with concurrent serum withdrawal for 24 hr and 
caspase activity was estimated from protein extracts using selective 
fluorogenic substrates as detailed in Materials and Methods No change 
in caspase- 1 activity (YVAD) i> observed after AP 25 . J5 treatment with 
serum deprivation (open bars) as compared with control levels (filled 
bars) In contrast, the activity of all three executioner caspases, caspase-2 
(VDVAD). -3 (DEVD) and -6 (VEID). is sigmficandy increased in 
CGC exposed to Ap,^, in the absence of serum (open bars) as 
compared with control CGC (filled bars) Data are expressed as a 
percentage of control activity levels Scale bars = mean + SEM. n = 
5 *P < 0 05 vs control A NOVA followed by Student-Newman- 
fCeuls test 



p-Amyloid Induces Cortical Neuronal Apoptosis 

Significant cell death occurs after incubation of rac 
cortical neurons with AP 25 _ 3S (50 |xM) at 48 and 72 hr 
(Fig. 5) Approximately equal levels of cell death at 48 hr 
are seen in cortical neurons exposed to Ap 25 _3 5 as com- 
pared with CGC treated with AP 25 _ 35 with serum depri- 
vation Little or no baseline DNA fragmentation is de- 
tected in extracts from control cortical neurons, whereas 
treatment with AP-> 5 _ 35 (50 |JuVl) for 24 hr induces prom- 
inent DNA laddering (Fig. 5). Similar levels of cortical 
neuronal death are seen after application of p re-aggregated 
A p,_42 f° r "*8 hr (data not shown). 

Role of Caspase-3 in A(5 23 _ 35 -Induced Cortical 
Neuronal Apoptosis 

Significant cleavage of the caspase-3 substrate Ac- 
DEVD-AMC occurs after treatment of cortical neurons 
with A(3 25 _35 (50 (XiVl) for 24 hr (Fig. 6) In contrast, no 
change in Ac-YVAD-AMC cleavage, a substrate for 
caspase-t, is seen with the same insult at 24 hr Consistent 
with increased caspase-3 activity, cortical neurons are res- 
cued from AP- )5 _ 35 -mediated apoptosis bv administration 
of the caspase-3 'inhibitor Ac-DEVD-CHO (400 jjlM) 
(Fig 6) As expected, application of the caspase- 1 inhibitor 
Z-YVAD-FMK (160 u,M) had no effect cortical neuronal 
death induced by AP 25 _ ;i3 (Fig 6) 
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Fig 3 Caspase-2 activation in CGC created with A25-35 with serum 
deprivation Immunoblot analysis of extracts from mouse spleen extract 
(lane 1, positive control), control CGC at 12 hr (lane 2\ and 24 hr 
(lane 3). and CGC created with A25-35 for 12 hr (lane 4) and 24 hr 
(lane 5) was earned out as described m Materials and Methods Cleav- 
age of procaspase-2 into active caspase-2 occurs after 12 and 24 hr of 
exposure to A25-35 Prominent procaspase-2 is detected as a band 
around 50 kDa in extracts from mouse spleen tissue and control CGC 
at 12 hr and 24 hr Activated caspase-2 is detected in mouse spleen 
tissue extract as bands around 33 and 32 kDa (arrows) Mdd caspase-2 
activation is also detected m control CGC at 12 and 24 hr Further 
processing of active caspase-2 is detected as a faint band around 1 1 kDa 
in control CGC at 12 and 24 hr (arrows) CGC treated with A25-35 
for 12 hr or 24 hr exhibit loy> of the procaspase-2 band with increased 
caspase-2 activity as evidenced bv more prominent signal at 33, 32 and 
1 1 kDa as compared with control CGC Lower bands depict staining of 
the same blot with ann-actin to confirm equal loading of protein 
between control and A25-35-created CGC 



DISCUSSION 

Although it is generally well-accepted that Af$ in- 
duces apoptotic neuronal death, at least in vitro, the par- 
ticular pathways of the apoptotic cell death program that 
are involved in Afi toxicity remain unclear. Caspases have 
been widely implicated as essential mediators of many 
types of neuronal apoptosis, including Ap-mediated cell 
death. In the present study, we demonstrate selective 
activation of three executioner caspases in CGC exposed 
to A3 in the absence of serum caspase-2. -3 and -6. 
Moreover, rescue from Ap-mediated CGC apoptosis is 
found with selective mhibttion of each of these caspases 
Activation of caspase-3 is also confirmed in cortical neu- 
ronal cultures treated with Ap, and similar increases in cell 
survival are found after selective inhibition of this caspase. 
In contrast, we demonstrate that AP application does not 
elicit acnvation of caspase- 1 in either CGC or cortical 
neurons, and selective inhibition of caspase- 1 has no effect 
on AP-mediaced toxicity in either cell type 

We have demonstrated previously that application of 
A$25-y$ in cne absence of serum induces nuclear changes 
consistent with apoptosis (Allen et al, 1999) A recent 
study using rat cortical neuronal-glial cultures reported 
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Fig 4 Selective inhibition of executioner caspases rescues CGC from 
A0^_*s toxicity with serum withdrawal A(3 25 _ 1ti (25 pM) was applied 
to CGC m the absence of serum for 48 hr (filled bars) and the level of 
cell death was compared with 48 hr of trearnent with various caspase 
inhibitors (open bars) as detailed in Material:, and Methods Non- 
selective inhibition of caspases by Z-Boc-D-FMK (150 u,M. BOC) 
significantly reduces A3-, 5 _ 35 toxicity m the absence of berum No 
significant difference in cell viability occurs after inhibition of caspase-1 
by Z-YVAD-FMK (150 p.M. YVAD) Tn contrast, selective inhibition 
of the executioner caspases, caspase-2 by Z-VDVAD-FMK (3t > u.M. 
VDVAD), caspase-3 by Z-DEVD-FMK (160 u,M. DEVD) and 
ciipase-6 by Z-VEID-FMK (150 n-M. VEID), significantly rescues 
CGC from A3 25 _jt 3 with concurrent serum deprivation toxicity Data 
are expressed as a percentage of cacem AM levels of CGC incubated 
with A0 23-y . and simultaneous serum withdrawal m the absence of 
treatment (control) Scale bars = m.*an + SEM. n = 10-15 *P < 0 05 
vs control ANOVA followed by Student-New man- Keuls test 



that A(3 2 5_35 toxicity was increased in serum-free media as 
compared with conditioned (serum-containing) media 
(Harada et al., 1999) We present similar results m CGC 
Although serum depnvation in the absence of A|J induces 
cell death in CGC. application of A3 25 _ 35 with concur- 
rent serum withdrawal causes significantly greater cell 
death than either A3 25 _ 35 or serum depnvation alone 
Dose-response curves indicate chac AP 2g _ 35 toxicity is very 
sensitive to the presence of serum, with an EC 5iI of ap- 
proximately 0 4%. One hypothesis is that serum may be 
stimulating the release of an endogenous neuroprotective 
factor As this effect has now been seen in two neuronal 
cell types, it is also possible however that serum contains a 
factor that is directly providing protection against A(3 
One possible mechanism may relate to binding of Ap by- 
serum proteins thereby sequestenng A(i from its cellular 
targets. To control for this effect, we earned out all of our 
expenments in the absence of serum. 

AD is charactenzed by A|5 deposition and manifests 
itself with cognitive deficits that may be a result of neu- 
ronal loss (Terry et al , 1994). Increases in the numbers of 
apoptotic neurons have been reported in postmortem tis- 
sue from confinned AD patients (Smale et al , 1995, 
Anderson et al , 1996, Li et al , 1997). although interpre- 
tative questions have been raised in this regard (Perry et al . 
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Fig 5 AP 2 -_^ induces cortical neuronal apoptosis (A) Cortical neu- 
ron:* were treated with Ap-, s _^ 5 (50 p,M) for 48 or ~?2 hr (filled bars) and 
cell viability was determined by calcein AM assay as detailed in Mate- 
rials and Methods and was compared with control cortical neurons 
(open bars} Significant cell loss is seen ac both 48 and 72 hr of 
incubation with Ap 25 _„ Data are expressed as a percentage of control 
calcein AM levels Scale bars = mean + SEM, n ™ 22-24 *P < 0 05 
vs control AVOVA followed by Student-Newman-Keuls test (B) 
DNA extracted rrom control (lane 1) and cortical neurons exposed to 
Ap 25 _ 35 for 24 hr (lane 2) were subjected to electrophoresis as detailed 
in Matenals and Methods Minimal DNA fragmentation is seen in 
control DNA, whereas cortical neurons treated with Ap 25 _ 35 demon- 
strate more prominent DNA laddering 



2001) Increased activation of caspases has also been re- 
ported in postmortem tissue from AD patients. As noted 
above, a recent report demonstrated increases in caspase-1 
protein levels and activity in AD postmortem brain tissue 
(Chan et al., 1999). An earlier study reported however no 
significant differences in caspase-1 immunoreactivity be- 
tween control and AD postmortem brain tissue (Masliah et 
al., 1998). The role of caspase-3 in AD has similarly been 
questioned. A number of studies indicate that caspase-3 
immunoreactivity is increased in brain tissue from AD 
patients (Masliah et al . 1998, Chan et al., 1999. Selznick 
et al , 1999). In contrast, one study reported no change in 
caspase-3 mRNA or protein levels in brain homogenates 
from AD patients as compared with controls (Desjardins 
and Ledoux, 1998). Therefore, whereas the presence of 
caspase-mediated apoptosis in postmortem AD brain tissue 
is supported by recent studies (Rohn et al., 2001), the role 
of specific caspases in this process remains unclear. 

Similarly, conflicting results have also been reported 
for in vitro studies of Ap-mediated caspase activation A(3 
has been demonstrated to induce neuronal apoptosis in 
various in vitro models (Loo et al., 1993, Copam et al . 
1995, Cagnoh et al., 1996. Estus et al , 1997: Allen et al., 
1999), suggesting that the apoptosis seen in vivo may be 
related to the increases in AfJ levels. In addition, an 
important role for caspases in A£-induced cell death has 
been firmly established by in vitro studies using non- 
selective caspase inhibitors (Jordan et al , 1997, Keller et 
al.. 1998, Mattson et al . 1998. Chan et al , 1999, Harada 
et al , 1999, Ivins et al.. 1999a, Troy et al . 2000) Studies 
using selective caspases in the setting of A(3 toxicity have 
however, produced conflicting results Protection of rat 
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Fig 6 Selective activation of caspase-3 is involved in Ap-^^-induced 
j pop cos is of cortical neurons (A) Corneal neurons were created with 
AP25-35 (50 |A.M) for 24 hr {open bars) and caspase activity as deter- 
mined by fluorogenic substrates was compared with control cortical 

neurons (filled bars). No change in Ac-YVAD-AMC cleavage, a sub- 
strate for caspase-1, is seen after Ap 25 _ J5 application In contrast, 
significant cleavage of the caspase-3 substrate. Ac-DEVD-AMC, occurs 
with this treatment Data are expressed as level of substrate cleavage in 
control Scale bars - mean -*- SEM. n == 5—12 *P < 0 05 vs control 
ANOVA followed by Student-Newman-Keuls test (B) Cortical neu- 
rons were incubated with Ap^^g (50 p.M) in the presence or absence 
of selective caspase inhibitors Cell viability was determined at 48 hr and 
compared with cultures incubated with Ap^^- in the absence of 
treatment (filled bar) No change in cell death is seen after inhibition of 
caspase- 1 bv Z-YVAD-FMK (160 p.M. open bar), whereas significant 
increase m cell sum\al occurs after inhibition of caspase-3 bv Ac- 
DEVD-CHO (40O u,M. hatched bar) Data are expressed as j percent- 
age of calcein AM levels in cortical neurons exposed to Ap 2 ^_^ in the 
absence of treatment (control) Scale bars = mean — SEM, n = 14-20 
*P< 0 05 vs control ANOVA followed bv Student-New nun-Keuls 
test 



hippocampal neurons against AP 25 _ 35 has been reported 
after pre-apphcation of Ac-YVAD-CMK. a caspase-1 in- 
hibitor (Jordan et al, 1997) A recent study using rat 
hippocampal neurons and PC 12 cells incubated with 
Api_u2 however failed to find an increase in caspase-1 
activity, as evidenced by no change in YVAD-AFC cleav- 
age (Troy et al , 2000), furthermore, inhibition of 
caspase- 1 by Z-YVAD-FMK had no effect on cell survival 
(Troy et al , 2000) The results presented here are consis- 
tent with the latter study No change in Ac-YVAD-AMC 
cleavage was found in either CGC or cortical neurons 
treated with Ap 25 _ 35 Furthermore, AP 25 _ 35 -mediated cell 
death was not modified by administration of Z-YVAD- 
FMK in CGC or cortical neurons As similar concentra- 
tions of caspase-1 inhibitors were used in all three studies, 
the lack of effect is not likely due to inadequate inhibition. 

Cospase-2 has also recendy been implicated in Ap 
toxicity caspase-2 activity was increased in hippocampal 
neurons treated with APj_ 42 as evidenced by more promi- 
nent bands correlating with intermediate forms of caspase-2 
on immunoblot analysis (Troy et al., 2000) In addition, 
anosense directed against caspase-2 protected PC 12 cells 
treated with AP,_ 42 and sympathetic neurons cultured from 
caspase-2 null mice similarly exhibited resistance to Afi,..^ 
(Troy et al., 2000) These results are corroborated in the 
present study Using CGC created with AP 25 _ 35 in the ab- 
sence of serum, we demonstrated increased cleavage of Ac- 
VDVAD-AFC, a caspase-2 substrate, and increased intensity 
of bands representing activated suburuts of caspase-2 by im- 
munoblot analysis. Furthermore, increased cell viability was 
observed after application of the selective caspase-2 inhibitor 
Z-VDVAD-FMK Taken together, these multiple lines of 
evidence indicate that caspase-2 plays an important role in 
A P- media ted toxicity in vitro 

Caspase-3 is the caspase most strongly implicated in 
the pathogenesis of AP-induced apoptosis. Activation of 
caspase-3 occurs in multiple cell types after Ap applica- 
tion, as demonstrated by increased cleavage of selective 
fluorogenic substrates (Jordan et al , 1997, Mattson et al , 
1998, Michaehs et al , 1998; Harada et al , 1999; Troy et 
al , 2000), increased levels of activated subumts by immu- 
noblot analysis (Harada et al , 1999; Troy et aL, 2000), 

increased lmmunohistochermcal staining with antibodies 
directed against activated subumts (Selznick et al , 2000) or 
with biotinylated substrates (Mattson et al.. 1998. Chan et 
al , 1999), and increased cleavage of caspase-3 endogenous 
substrates (Harada et al , 1999). Moreover, protection with 
a caspase-3 inhibitor has been reported (Harada et al., 
1999). In contrast, one study failed to find a protective 
effecr for a selective inhibitor of caspase-3 against AP~ 
mediated cell death (Troy et al , 2000) In the present 
study, we show increased activity of caspase-3 in CGC and 
cortical neurons treated with AP 25 _ 35 as demonstrated b\ 
increased cleavage of Ac-DEVD-AMC. Furthermore, our 
results support an important role for caspase-3 in AP 
toxicity as inhibition of caspase-3 by Z-DEVD-FMK or 
Ac-DEVD-CHO provides significant protection against 
such injun 
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Although cai,pase-6, along with caspase-3 and -7 and 
possibly caspase-2 t is considered a member of the execu- 
tioner group of caspases, it has been recently suggested that 
caspase-6 may be upstream of caspase-3 in CGC and may 
therefore serve as an initiator caspase (Allsopp et al , 2000) 
Extracts from CGC created with Ap 2 s-35 w *th concurrent 
serum deprivation exhibit increased cleavage of the 
caspase-6 selective substrate Ac-VEID-AFC. Further- 
more, significant rescue of CGC from A(3 toxiciry was 
found after administration of Z-VEID-FMK, a selective 
caspase-6 inhibitor Caspase-6 has been shown to mduce 
apoptosis directly in human primary neurons (Zhang et al , 
2000). Moreover, caspase-6. but not caspase-3. is activated 
in serum-depnvated mediated apoptosis of human neu- 
rons, and is correlated with increased A(J production 
(LeBlanc et al , 1999) 

It was recently reported that caspase- 12 mediates 
endoplasrruc-reuculum-specific apoptosis as well as cyto- 
toxicity induced by A($ (Nakagawa et al.. 2000) Neurons 
from caspase- 12 knockout animals or neurons treated with 
antisense to caspase- 12 showed protection against AfJ- 
mduced apoptosis The relationship of caspase- 12 to exe- 
cutioner caspases remains to be established. 

This study was designed to address the role of exe- 
cutioner caspases tn the pathogenesis of A (3- mediated neu- 
ronal apoptosis Our data indicate that all of the three 
caspases belonging to this group that are expressed in brain 
- caspase-2. -3 and -6 - are probably involved in mediating 
the apoptotic cell death program initiated by A($ Thus, it 
is not surprising that although high levels of caspase activ- 
ity have been reported after A3 administration, the levels 
of neuroprotection provided by selective caspase inhibitors 
has been modest. It is possible that the blockade of one of 
the executioner caspases may be offset by the activity of 
the remaining members Nonetheless, delineating which 
caspases are involved with A(3-mediated toxicity has im- 
portant potential implications for the treatment of AD 
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Accumulating evidence supports a role for the activation of proteolytic enzymes, caspases, in the 
Alzheimer's disease (AD) brain. Neurons committed to apoptosis may do so through a mitochondrial 
pathway employing caspase-9 or through an alternative, receptor-mediated pathway involving 
caspase-8. Considering the role of mitochondrial dysfunction in AD, we examined the possible 
activation of caspase-9 in the AD brain using an antibody that recognizes the active fragments of 
caspase-9, but not the full-length proform of the enzyme. In vivo immunohistochemical analysis 
demonstrated little caspase-9 activation in the majority of hippocampal brain sections from control 
brains. However, labeling of neurons as well as dystrophic neurites within plaque regions was 
observed in all AD hippocampal brain sections examined. In addition, active caspase-9 was colocal- 
ized with active caspase-8 and the accumulation of caspase-3-cleavage products of fodrin. The 
activation of caspase-9 was also observed in neurons positive for oxidative damage to DNA/RNA. A 
quantitative analysis indicates that as the number of neurons containing neurofibrillary tangles (NFTs) 
increases, the extent of caspase-9 activation decreases, supporting the idea that caspase-9 activation 
may precede NFT formation. In addition, a site-directed caspase-cleavage antibody was designed to 
the amino-terminal caspase-3 consensus cleavage site located in tau, and shown to be an effective 
marker for caspase-cleaved fragments of tau in vitro. Analysis with this antibody using age-matched 
control or AD brain sections demonstrated no staining in control brains while widespread labeling of 
NFTs, neuropil threads, and dystrophic neurites was observed in AD sections. Taken together, these 
results demonstrate the activation of caspases and cleavage of tau in the AD brain, events which may 
precede and lead to the formation of NFTs. o 2002 Elsevier science (usa) 
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INTRODUCTION 

One mechanism responsible for the extensive neu- 
ronal cell loss associated with Alzheimer's disease 
(AD) may be the activation of apoptotic pathways 
(Marx, 2001). Apoptosis is a highly conserved form of 
cell death that is characterized by chromatin conden- 
sation, nuclear fragmentation, cytoplasmic membrane 
blebbing, and cell shrinkage (Kerr era/., 1972). Critical 
to the execution of apoptosis is a family of aspartate 
proteases, known as caspases, that are activated from 
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procaspases to their active form by proteolysis (Thorn- 
berry & Lazebnik, 1998). Caspases can serve both as 
initial transducers of apoptotic stimuli and also as 
final executioners of death. Two major pathways of 
apoptosis have been characterized: the death-receptor 
pathway in which caspase-8 plays a pivotal role and 
the mitochondrial pathway involving oxidative dam- 
age and activation of caspase-9 (Ashkenazi & Dixit, 
1999). In both pathways, caspase-8 and -9, respectively, 
act as initiator caspases leading to downstream activa- 
tion of executioner caspases, particularly caspase-3. 

Several recent studies have employed caspase- 
cleavage site-directed antibodies as specific probes for 
apoptosis and demonstrated the activation of apopto- 
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tic pathways in the AD brain (Yang et aL, 1998; Gervais 
etal, 1999; Rohn etal., 2001b). Using this approach, we 
have recently developed an antibody to the active 
18-kDa fragment of caspase-8 and demonstrated the 
localization of this fragment within neurofibrillary 
tangles (NFTs) and in neurites in plaque-rich regions 
in the AD brain (Rohn et ah, 2001a). On the basis of this 
study, it was suggested that cell-surface interaction of 
j3-amyloid in neurons might trigger stimulation of the 
receptor-mediated pathway of apoptosis and cleavage 
of critical cellular proteins (Rohn et al, 2001a). How- 
ever, evidence also suggests significant oxidative 
damage in the AD brain possibly related to direct 
oxidizing effects of j3-amyloid (Mattson et aL, 1999; 
Nunomura etal, 2001), leading to the hypothesis that 
the mitochondrial pathway of apoptosis may also be 
activated in selected neurons within the AD brain. 

In the present study, the role of activated caspase-9 
was investigated in the AD brain using a caspase- 
cleavage site-directed antibody directed toward the 
N-terminus of the auto activation cleavage site of 
caspase-9. This commercial antibody recognizes the 
active fragments of caspase-9, but not the inactive, 
precursor form of the enzyme. A recent study, using 
this antibody, has demonstrated the presence of acti- 
vated caspase-9 in the AD brain by western blot anal- 
ysis (Lu et aL, 2000). By immunohistochemical analy- 
sis, we now show the presence of activated caspase-9 
in the AD brain and within tangle-bearing neurons. 
Furthermore, active caspase-9 colocalized with active 
caspase-8 and caspase-3 cleavage products of fodrin 
within neurons exhibiting NFT morphology. These 
results support a role for the activation of both the 
receptor-mediated and mitochondrial-mediated path- 
ways of apoptosis in the AD brain. In addition, evi- 
dence is presented demonstrating caspase cleavage of 
tau in the AD brain. Based on this study and along 
with previous studies (Rohn et aL, 2001a,b; Su et aL, 
2001), a putative model is discussed whereby the role 
of caspases in the cleavage of important cellular pro- 
teins, per se, and not the full execution of apoptosis 
may actually be more important for driving neuron 
dysfunction and pathology observed in AD. 



MATERIALS AND METHODS 

Materials 

All chemicals used were of the highest grade avail- 
able. The rabbit (polyclonal) anti-caspase-9 cleavage 
site (315/316) specific antibody (caspase-9 CSS A) was 



purchased from Biosource International (Camarillo, 
CA). The monoclonal antibody, AT8 (neurofibrillary 
tangles) was purchased from Innogenetics (Ghent, 
Belgium) and 6E10 (anti-Aj3-16) was purchased from 
Signet Laboratories, Inc. (Dedham, MA). Apopain/ 
YAMA/caspase-3 (nickel-NT A-agarose associated) 
expressed in E. coli was from Upstate Biotechnology 
(Lake Placid, NY). The monoclonal antibody, 8oxodG, 
was from QED Bioscience, (San Diego, CA). This anti- 
body recognizes 8-hydroxy-2'-deoxyguanosine (oh 8 dG), 
8-hydroxy guanine (oh 8 G), as well as 8-hydroxy- 
guanosine (oh 8 G), and serves as a marker of oxidative 
damage to DNA and RNA. A multiple antigen pep- 
tide (MAP) containing the QGGYTMHQDQ sequence 
to the amino terminal caspase-3 cleavage site of tau 
was used for the generation of polyclonal antibodies 
and was synthesized by Research Genetics, Inc. 
(Huntsville, AL). The peptide was injected into two 
different rabbits and collected sera were monitored for 
antibody titer by ELISA. All injections and collection 
of antisera were contracted out to Research Genetics, 
Inc. (Huntsville, AL). A Sulfolink kit used to affinity 
purify antibody was purchased from Pierce (Rock- 
ford, IL). 

Human Subjects 

Autopsy brain tissue from the hippocampus and 
entorhinal cortex of seven neuropathologically con- 
firmed AD cases and seven nondemented cases with 
no evidence of senile plaques or NFTs was studied. 
Preliminary studies indicated that paraformaldehyde- 
fixed tissue samples were necessary to visualize 
caspase-9 CCSA with either no or weak labeling ob- 
served in formalin-fixed tissue. In addition, cases with 
short post mortem intervals (PMI) were selected to 
minimize possible post mortem effects leading to 
caspase activation. Case demographics are presented 
in Table 1. Age at death was not significantly different 
between AD (mean, 68 ± 8.29) and controls (mean, 
74 ± 11.1). For quantification experiments, autopsy 
brain tissue from the hippocampus, parahippocampal, 
and frontal cortex of 13 cases with a range of Mini 
Mental Status Examination Scores (MMSE) between 0 
and 30 (mean, 10.46 ± 2.21) was examined. Ages 
ranged from 69 to 92 years (mean, 77.31 ± 1.94) and 
post mortem intervals ranged from 2.75 to 7.5 h (mean, 
4.61 ± 0.41). Frontal cortex was available from 9/13 
cases and the hippocampus was available on 8/13 
cases with 6/13 cases having both regions available 
for study. Case demographics are presented in Table 
2. Human brain tissues used in this study were pro- 
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TABLE 1 



Case Demographics 



Case 


Group 


Age 
(yrs) 


Sex 


PMI 


MMSE 


Neuropathological 
diagnosis 


Braak & Braak 
stage 


Cause of death 


1 


AD 


66 


M 


7 


7 


AD 


N/A 


Respiratory failure 


2 


AD 


71 


F 


7 


7 


AD 


VI 


Unknown 


3 


AD 


51 


F 


2.5 


3 


AD 


N/A 


Respiratory failure 


4 


AD 


77 


M 


3.6 


22 


AD 


V 


Respiratory failure 


5 


AD 


68 


F 


5 


5 


AD 


VI 


Cardiac Arrest 


6 


AD 


70 


M 


3.8 


9 


AD 


VI 


End stage AD 


7 


AD 


73 


M 


2.7 


7 


AD 


VI 


End stage AD 


8 


Control 


69 


M 


6.6 


N/A 


Normal 


0 


N/A 


9 


Control 


68 


F 


6 


N/A 


Normal 


II 


N/A 


10 


Control 


90 


F 


6.5 


N/A 


Normal 


N/A 


Heart failure 


11 


Control 


70 


M 


5.2 


N/A 


Normal 


0 


N/A 


12 


Control 


64 


F 


8 


N/A 


Normal 


N/A 


Myocardial infarction 


13 


Control 


90 


F 


8 


N/A 


Normal 


I 


N/A 


14 


Control 


67 


M 


2.7 


N/A 


Normal 


N/A 


Cardiomyopathy 



Note: PMI, post mortem interval; MMSE, Mini Mental State Examination; N/A, not available. 



vided by the Institute for Brain Aging and Dementia 
Tissue Repositories at the University of California, 
Irvine. 

Cell Culture 

Rat PC 12 cells (ATCC, Manassas, VA) were grown 
on rat tail collagen-coated dishes in F12K media (Life 
Technologies, Inc.) containing 15% horse serum, 2.5% 
fetal bovine serum, 100 units/ml penicillin, and 100 
ju,g/ml streptomycin. To induce differentiation to a 



neuronal phenotype, PC 12 cells were maintained in 
medium containing 100 ng/ml NGF for 10-12 days. 

Western Blot Analysis 

Western blot analysis was performed as previously 
described (Rohn et aL, 2000). PC 12 extracts were pre- 
pared by adding ice-cold lysis buffer (50 mM Tris- 
HCL, 150 mM NaCl, 1% NP-40, 0.25% deoxycholate, 1 
mM EGTA, pH 7.4), followed by centrifugation. The 
resulting supernatant was analyzed for protein con- 



TABLE 2 



Case Demographics for Quantification Study 





Age 








Neuropathological 


Braak & Braak 




Case 


(yrs) 


Sex 


PMI 


MMSE 


diagnosis 


stage 


Cause of death 


1 


74 


M 


275 


0 


AD 


V 


Dehydration 


2 


88 


F 


4.33 


0 


AD 


V 


N/A 


3 


85 


M 


5.3 


4 


AD 


V 


AD 


4 


73 


M 


4.3 


7 


AD 


V 


Respiratory failure 


5 


69 


M 


7 


8 


AD 


VI 


N/A 


6 


73 


M 


4 


8 


AD 


N/A 


N/A 


7 


70 


M 


3.75 


9 


AD 


VI 


AD 


8 


92 


F 


3.8 


10 


AD 


V 


Respiratory failure 


9 


74 


F 


7.5 


13 


AD 


N/A 


N/A 


10 


77 


M 


6.17 


14 


AD 


IV 


Pneumonia 


11 


77 


M 


3.6 


16 


AD 


V 


Respiratory failure 


12 


79 


F 


4.75 


17 


AD 


V 


N/A 


13 


74 


F 


2.8 


30 


Normal 


II 


Cancer 



Note: PMI f post mortem interval; MMSE, Mini Mental State Examination; N/A, not available. 
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tent using the BCA assay (Pierce) to ensure equal 
protein loading. Blots were developed using an en- 
hanced chemiluminescence system (Amersham). 

Immunohistochemistry 

Free-floating 50-/im-thick serial sections were used 
for immunohistochemical studies as previously de- 
scribed (Rohn et al, 2001b). For single-labeling exper- 
iments, sections were incubated overnight in either 
caspase-9 CSSA (5-10 jug/ml) or anti-A/31-16 (6E10, 
1:1000). For immunostaining with /3-amyloid, sections 
were pretreated in 90% formic acid for 4 min prior to 
incubation in 6E10. For double-labeling experiments, 
sections were incubated with caspase-9 CSSA (2.5 \x%/ 
ml) and either AT8 (1:30,000) or an antibody to the 
active 18 kDa fragment of caspase-8 (CASP-8pl8, 
1:200). To determine if cross- reactivity to reagents was 
a factor in double-labeling experiments, experiments 
were replicated with the antibodies in reverse. Anti- 
gen visualization was determined using ABC complex 
(ABC Elite immunoperoxidase kit, Vector labs, Burlin- 
game, CA) followed by reaction with diaminobenzi- 
dine PAB, Vector Labs, Burlingame, CA). 

For quantification studies involving cell counts, sec- 
tions were incubated overnight in caspase-9 CCSA 
(1:100) and visualized with biotinylated anti-rabbit 
IgG, avidin-biotin complex and finally with DAB (1 h 
each incubation at RT). After a series of washes, sec- 
tions were subsequently incubated in anti-PHF-1 (1: 
1000; provided by Dr. P. Davies, Albert Einstein Col- 
lege of Medicine, Bronx, NY) with a blue SG substrate. 
Both brain regions and all cases were immunostained 
in one study to reduce experimental variability. For 
quantification involving load values, two sections 
were incubated in either anti-caspase-9 CCSA or in 
6E10 and similar areas were outlined and captured for 
image analysis. A load analysis was used for deter- 
mining the relationship between active caspase-9 
CSSA and j8-amyloid because several cases showed 
extensive diffuse plaque formation leading to low 
plaque counts that did not accurately represent the 
extent of j8-amyloid accumulation. Thus loads were 
obtained for both caspase-9 activation and j3-amyloid 
to provide numbers that were comparable for the two 
different markers. 

Immunofluorescence and Confocal Microscopy 

Immunofluorescence studies were performed by in- 
cubating sections with caspase-9 CSSA (20 tig/ml) 
overnight at room temperature, followed by ABC 



complex containing a secondary rabbit-HRP antibody 
(ABC Elite immunoperoxidase). Antigen visualization 
was accomplished using a tyramide signal amplifica- 
tion kit (Molecular Probes, Eugene, OR) consisting of 
Alexa fluor 488-labeled tyramide (Ex/Em = 495/519). 
Caspase-9 CSSA labeled sections were further incu- 
bated with anti-fodrin caspase-cleavage product 
(CCP) antibody overnight at room temperature (0.4 to 
0.5 fig/ ml). This antibody specifically recognizes 
caspase-3 cleavage products of fodrin but not full- 
length fodrin (Rohn et al, 2001b). A secondary biotin- 
ylated antibody was incubated for 1 h followed by 
streptavidin Cy-3 (1:200) for an additional hour and 
observed under fluorescent optics or with a confocal 
microscope. Confocal images were collected on an 
Olympus 1X70 inverted microscope using both a 20 X 
and 40 X objective for image analysis and barrier filters 
at 510 and 605 nm. A z-series at l-/xm intervals was 
captured to determine the spatial colocalization char- 
acteristics of staining within individual neurons. To 
determine whether cross-reactivity to reagents was a 
factor in double-labeling experiments, experiments 
were replicated in reverse. The order of primary anti- 
body application did not affect the results. 

Quantification 

Cell counts using double-labeled sections included 
five brain regions: CA3, hilus, the average of two areas 
of CA1, superficial/deep layers of the parahippocam- 
pal cortex, and superficial/deep layers of frontal cor- 
tex. Photographs of double-labeled regions for each 
case were taken at 20x and two independent counts 
by EH and RR was obtained while blind with respect 
to disease severity. The number of caspase-9 CCSA- 
only, PHF-l-only, and colocalized cells was counted. 
Reliability correlations between the two independent 
counts were significant and ranged between 0.805 and 
0.997. The average of the two counts was used as raw 
data and analyzed using SPSS for Windows with an 
alpha of 0.05. Load values for single labels of either 
active-caspase 9 CSSA or AJ31-16 were obtained using 
previously described methods (Cummings etal, 1996). 



RESULTS 

Caspase-9 Activation in the AD Brain 

To examine a possible role for the activation of 
caspase-9 in the AD brain, hippocampal sections from 
AD or aged-matched control brains were analyzed by 
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FIG. 1. Caspase-9 CSSA irnmunoreactivity in Alzheimer's disease. (A) Representative immunohistochemical staining with caspase-9 CSS A 
in a control case showing absence of staining. (B) Low magnification (4x) of a brain section from a representative AD case depicting labeling 
of neurons in the hippocampus. (C) High magnification (60x) of a brain section from a representative AD case showing labeling of two neurons 
with apparent tangle morphology. (D) Immunolabeling of caspase-9 CSSA in a representative AD case demonstrating labeling of apparent 
NFTs and neurites within a plaque-rich region (arrow). 



immunohistochemistry. Little immunoreactivity was 
seen following incubation of caspase-9 CSSA in sec- 
tions from age-matched control brains (Fig. 1A). Of the 
seven control cases examined, one case (64 years, PMI 
= 8 h, myocardial infarction) showed extensive neu- 
ronal staining within the hippocampus (data not 
shown). In contrast, extensive labeling of neurons in 
the hippocampus (CA1, CA2, and subiculum) and 
entorhinal cortex was observed in all tissue sections 
examined from severe AD brains (Fig. IB, C, and D). 
In addition, swollen dystrophic neurites within 
plaque-rich regions was also observed following incu- 
bation with caspase-9 CSSA (Fig. ID arrow and Fig. 
2D). In a previous study, we demonstrated the activa- 
tion of caspase-8 in NFTs, as well as in reactive astro- 



cytes of the AD brain (Rohn et al, 2001a). In the 
present study, there was no evidence for the activation 
of caspase-9 within reactive astrocytes in any of the 
AD cases examined (data not shown). 

Caspase-9 Activation Colocalized with AT8 and 
Additional Markers of Caspase Activation 

Neuronal staining by caspase-9 CSSA in the AD 
brain appeared to be within neurons containing NFTs. 
To examine a possible relationship between caspase-9 
activation and NFTs, double-labeling experiments 
were performed using the NFT marker, AT8. Colocal- 
ization of these two antibodies was evident in neurons 
with clear NFT morphology (Fig. 2A). 
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FIG. 2. Colocalization of the caspase-9 CSSA with a NFT marker 
and antibodies to the active fragments of caspase-8 as well as 
caspase-3 cleavage products of fodrin. (A) Double-labeling immu- 
nohistochemical analysis for caspase-9 CSSA and AT8 demonstrate 
colocalization of active caspase-9 (brown) and AT8 (blue) in hip- 
pocampal neurons from the AD brain. (B) Double-labeling immu- 
nohistochemical analysis for caspase-9 CSSA and CASP-8pl8 anti- 
body demonstrate colocalization of active caspase-9 (brown) and 
active caspase-8 (blue) in hippocampal neurons. Inset represents 
colocalization of active caspase-8 and -9 in a hippocampal brain 
section from an additional AD case. (C) Confocal fluorescent mi- 
croscopy with the fodrin CCP antibody (red) and caspase-9 CSSA 
(green) in a severe AD case illustrating the high degree of colocal- 
ization between these two markers. (D) Identical to panel C, with 
fodrin CCP antibody (red) and caspase-9 CSSA (green) colocalizing 



To examine a possible relationship between the ac- 
tivation of caspase-8 and caspase-9, experiments were 
performed using caspase-9 CSSA and CASP-8pl8, an 
antibody that specifically recognizes the activated 18 
kDa fragment of caspase-8 (Rohn et aL, 2001a). Colo- 
calization of these two antibodies was seen in sections 
from the AD brain (Fig. 2B, arrows and inset), sup- 
porting the hypothesis that activation of both 
caspase-8 and -9 occurs within the same neurons of 
the AD brain. In addition, the colocalization of these 
two markers appeared to be delegated to neurons 
exhibiting a "flame-like" morphology consistent with 
NFTs (Fig. 2B). 

We have previously demonstrated that fodrin CCP 
antibody is a specific marker for caspase-3 cleavage 
fragments for fodrin, a neuronal cytoskeleton protein 
(Rohn eta/., 2001b). Initial attempts to perform double- 
labeling immunohistochemical analysis using brown 
DAB and blue SG staining proved difficult due to a 
lack of color separation in neurons that were double- 
labeled (data not shown). Therefore, immunofluores- 
cence double-labeling experiments were undertaken 
followed by confocal analysis. In this case, clear dem- 
onstration of colocalization of activated caspase-9 with 
caspase-3 products of fodrin within neurons of the AD 
brain was observed (Fig. 2C). In addition, colocaliza- 
tion of these two markers was observed within dys- 
trophic neurites within plaque-rich regions in the AD 
brain (Fig. 2D). Thus, not only is activated caspase-9 
localized together with activated caspase-8, but is also 
found in close association with stable CCPs of fodrin 
formed following cleavage by caspase-3. It should be 
noted that no pretreatment to abolish autofluores- 
cence was necessary to observe fodrin CCP or acti- 
vated caspase-9 immunofluorescence as the staining 
patterns of both these antibodies could be clearly dif- 
ferentiated from the characteristic morphological fea- 
tures associated with autofluorescence. 

Caspase-9 Activation, DNA/RNA Oxidative 
Damage and Mitochondrial Dysfunction 

Because caspase-9 is a key member of the mitochon- 
drial pathway of apoptosis, we examined whether it is 



within dystrophic neurites within a cored plaque of a severe AD 
case. (E and F) Double-labeling immunohistochemical analysis 
for caspase-9 CSSA (blue) and 8oxodG (brown) in two separate 
AD cases demonstrates colocalization of active caspase-9 with 
markers for oxidative DNA/RNA damage. Scale bars are equivalent 
to 50 /urn 
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active in neurons exhibiting oxidative damage. To 
determine this, we performed colocalization experi- 
ments with caspase-9 CSSA and anti-8oxodG, an an- 
tibody that detects oxidative damage to either DNA 
(nuclear or mitochondrial) or RNA. In previous stud- 
ies, 8oxodG was observed in association with dysfunc- 
tional mitochondria, which may serve as a stimulus 
for the activation of caspase-9 (Aliev et aL, 2002). As 
shown in Fig. 2E and F, the activation of caspase-9 
occurred in neurons positive for oxidized DNA/RNA 
in the AD brain. Whereas 8oxodG staining appeared 
to be punctate within the cell body, the majority of 
caspase-9 CSSA labeling appeared to be more concen- 
trated in the apical dendrites. 

Caspase-9 Activation, NFT and Senile Plaque 
Formation in the AD Brain 

A consistent feature of caspase-9 CSSA labeling in 
the AD brain was immunolabeling of neurons with 
"flame-like" inclusions, consistent with tangle forma- 
tion. Therefore, to examine in further detail a possible 
relationship between caspase-9 activation and NFTs, 
quantitative analysis of 13 cases with a range of MMSE 
scores between 0 and 30 was performed using 
caspase-9 CSSA and PHF-1, a marker for mature 
NFTs. The number of cells containing both caspase-9 
CCS A and PHF-1 was relatively small and ranged 
from 0 to a maximum of 18.6% across all the brain 
regions sampled. In a control case with a MMSE of 30 
used for the quantification study, no tangles were 
observed but a significant number of caspase-9 CCSA 
positive neurons were identified, suggesting that 
caspase-9 activation can occur in the absence of overt 
tangle formation. Further, a significant negative corre- 
lation was observed for the number of PHF-1 positive 
neurons and those positive for caspase-9 CCSA in the 
parahippocampal cortex (r = -0.75, P < .053) and the 
frontal cortex (r = -0.688, P < .013), and for area CA1 
(r = -0.94, P < .002) (Fig. 3, top) but not in the hilus 
(r = 0.42, P = n.s.) or in the CA3 subregion (r = 0.40, 
P = n.s.) (data not shown). Thus, as tangle formation 
increased, the extent of caspase-9 activation decreased. 
Figure 3 (lower panel) shows representative staining 
of caspase-9 CSSA and PHF-1 in area CA1 and the 
frontal cortex in cases with increasing numbers of 
NFTs (left to right) illustrating the inverse relationship 
between caspase-9 activation and NFT formation in 
the AD brain. No significant correlation was observed 
between caspase-9 CSSA and MMSE, age at death, or 
post mortem interval. 



To determine the relationship between active 
caspase-9 CCSA and )3-amyloid deposition, loads 
were obtained from single label experiments for each 
antibody. No significant correlations were found be- 
tween these two variables (data not shown). Thus, 
more extensive j3-amyloid was not associated with 
higher levels of caspase-9 activation. 

Synthesis and Characterization of a Caspase- 
Cleavage Site-Directed Antibody to the 
Microtubule-Associated Protein, tau 

Based upon the previous results indicating a rela- 
tionship between the activation of the enzyme 
caspase-9 and NFT formation, experiments were un- 
dertaken to examine if tau, whose modification leads 
to PHFs and NFTs in AD, is cleaved by caspases and 
whether fragments accumulate in the AD brain. To 
determine if tau is cleaved by caspases, in vivo, we 
designed a caspase-cleavage site-directed antibody to 
tau based upon a known consensus caspase-cleavage 
site within the tau sequence located toward the amino- 
terminal end, DRKD- QGGYTMHQDQ (Canu et aL, 
1998). Following purification of this antibody (herein 
termed tauCCP antibody) by affinity chromatography, 
its validity as a specific probe for tau CCPs was ex- 
amined using a cell-free system. Human brain or pri- 
mary cultured rat cortical neuron extracts were incu- 
bated with or without caspase-3. Following digestion 
with caspase-3, samples were immunoblotted with the 
tau-CCP antibody to determine if recognition of CCPs 
occurred. Two prominent bands were immunolabeled 
with the tau-CCP antibody in digested extracts corre- 
sponding to 67 and 28 kDa, that were not present 
under control conditions (Fig. 4 A, left panel). Under 
these conditions, the tau CCP antibody did not label 
full-length tau in control lanes, which normally has a 
molecular weight of 70 kDa. To verify that full-length 
tau was indeed present in these extracts the same blot 
was stripped and reprobed with an anti-tau antibody 
that recognizes both full-length tau and its associated 
caspase-cleaved fragments. Numerous bands corre- 
sponding to full-length tau and CCPs were detected 
following western blot analysis with this antibody 
(Fig. 4 A, right panel). These initial results suggest that 
the tau-CCP antibody recognizes CCPs of tau, but 
does not recognize full-length tau. 

To further characterize the tau-CCP antibody, ex- 
periments were undertaken using differentiated PC 12 
cells. To verify the presence of tau in PC 12 cells, ex- 
tracts from both nondifferentiated and differentiated 
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FIG. 3. Negative correlation between caspase-9 activation and PHF-1 immunolabeling. Significant negative correlations were observed for the 
number of PHF-1 positive neurons and those positive for caspase-9 CCSA in the frontal cortex (r = -0.69, P < .013) (A) and for area CA1 (r = 
-0.94, P < .002) (B) Caspase-9 activation decreases with increasing neurofibrillary tangle accumulation in area CA1 of the hippocampus (C-F) 
and frontal cortex (G-j). Cases were selected with increasing tangle-bearing neuron counts (lowest to highest, left-right) to illustrate that 
caspase-9 activation (brown) also appears to precede tangle formation (blue) and decline as the extent of tangle formation increases. Note, 
however, that in a severe AD case (F and J), extensive cell loss may also account for loss of active-caspase-9 containing neurons. 



PC 12 cells were immunoblotted with the anti-tau an- 
tibody that recognizes full-length tau. Figure 4B (left 
panel) depicts the results of such an experiment show- 
ing the expression of tau following differentiation of 
PC 12 cells in the presence of NGF. The full-length 
antibody also recognized numerous CCPs of tau fol- 
lowing digestion with caspase-3 (Fig. 4B, left panel). In 
separate experiments, NGF- treated PC 12 cells were 
incubated in the presence or absence of caspase-3, and 
probed with the tau-CCP antibody. Although the tau- 
CCP antibody recognized several caspase-cleaved 
fragments including a prominent band running at 28 
kDa, it did not recognize full-length tau in nondi- 
gested extracts (Fig. 4B, right panel). 



Tau-CCP Antibody as a Marker for Caspase 
Activation in the AD Brain 

Following validation of the tau-CCP antibody as a 
specific probe for the caspase-cleavage of tau in vitro, 
immunohistochemistry experiments were performed 
using hippocampal sections from AD or age-matched 
control brains. In all control sections examined, little 
staining was observed following application of the 
tau-CCP antibody (Fig. 4C). In contrast, widespread 
labeling of NFTs, neuropil threads, and dystrophic 
neurites within plaque-rich regions was observed fol- 
lowing immunohistochemical analysis with the tau- 
CCP antibody in all severe AD brain sections exam- 
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FIG. 4. Caspase cleavage of tau in the AD brain. (A) Brain extracts from human or primary cultured rat cortical neurons were digested with 
1.88 pig of caspase-3 overnight at RT. Proteins were separated by a 12% SDS-PAGE gel, transferred to nitrocellulose, and probed with 0.5-1.0 
^tg/ml of purified tau-CCP antibody (left panel) or with a commercial antibody (1:100) that recognizes both full-length tau (70 kDa), as well 
as any associated cleaved fragments (right panel). Unlike the commercial antibody, which recognized full-length tau and caspase-cleaved 
fragments, the tau-CCP antibody labeled two prominent caspase-3-cleaved fragments without labeling full-length tau corresponding to 70 kDa. 
(B) NGF- treated PC 12 cell extracts were prepared, digested with caspase-3, and analyzed with either a commercial antibody to tau (left panel) 
or with the tau-CCP antibody (right panel) as described above. The tau-CCP antibody recognized caspase-3 digested fragments but did not 
recognize full-length tau. (C) Representative immunohistochemical staining with anti-tau CCP purified antibody in a control case showing lack 
of immunoreactivity. (D) High-field magnification (40X) of a hippocampal section from a severe AD case depicting tau-CCP immunoreactivity 
within NFTs, neuropil threads, and dystrophic neurites within plaque regions. Inset (D) indicates the granular nature of tau-CCP immuno- 
reactivity (arrowheads). (E and F) Serial hippocampal tissue sections from a severe AD case showing extensive neuronal labeling using 
tau-CCP, which is absent after staining with preabsorbed antibody (panel F). 
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ined (Fig. 4D). Interestingly, numerous tau-CCP-pos- 
itive neurons displayed staining that was granular in 
nature, and appeared to be membrane-bound (inset, 
arrowheads, Fig. 4D). This type of staining has also 
been observed in a previous study demonstrating the 
activation of caspase-3 in the AD brain (Stadelmann et 
al, 1999). Importantly, staining with the tau-CCP an- 
tibody was completely prevented following preab- 
sorption with free peptide (Fig. 4E and F), illustrating 
the specificity of the tau-CCP antibody. In addition, 
we also tested purified tau-CCP antibody derived 
from a second rabbit immunized with the same ami- 
no-terminal peptide and obtained identical results fol- 
lowing immunohistochemistry (data not shown). 

DISCUSSION 

Several recent studies have reported increased lev- 
els of caspase-3-cleaved substrates, including APP, fo- 
drin, and actin in the AD brain (Yang et al, 1998; 
Gervais et al, 1999; Rohn er al, 2001b). All of these 
studies relied on the use of site-directed caspase-cleav- 
age antibodies, which take advantage of the fact that 
caspases are specific, cleaving after aspartic residues 
thereby generating caspase-cleavage products (CCPs) 
that are antigenically distinct. Using this approach, we 
have synthesized antibodies against one of the active 
fragments of caspase-8, compared these results with a 
commercially available active-caspase-8 antibody, and 
demonstrated colocalization of this antibody together 
with caspase-3 cleaved products of fodrin in the AD 
brain (Rohn et al, 2001a). The goal of the present study 
was to further dissect out the pathways of apoptosis 
activated in the AD brain. Presently, there are two 
major pathways leading to apoptosis: the death-recep- 
tor pathway in which caspase-8 plays a pivotal initia- 
tor role, and the mitochondrial pathway (or chemical 
pathway) where caspase-9 is the key initiator caspase 
(Ashkenazi and Dixit, 1999). Both pathways converge 
and activate the executioner caspase, caspase-3. 

Data presented in the present manuscript suggests a 
role for the activation caspase-9 in the AD brain. These 
results are supported by a recent study demonstrating 
an immunoreactive band consistent with cleaved 
caspase-9 in synaptosomal preparations from five of 
five AD brains but only in one of five control brain 
preparations using caspase-9 CSS A (Lu et al, 2000). 
Taken together, these results implicate the mitochon- 
drial pathway of apoptosis as a mechanism leading to 
activation of caspase-3 in the AD brain. Furthermore, 
the observation of caspase-9 activation in one of five 



control cases in the Lu et al, study (2000) is consistent 
with our observations of a subset of control cases 
showing active caspase-9 immunoreactivity. 

A Link between Oxidative Damage and Pathways 
Associated with Apoptosis in AD 

Oxidative damage is a key feature of normal aging 
and is more extensive in the AD brain (Smith et al, 
2000). It is possible that neurons accumulating exten- 
sive oxidative insults may selectively undergo apopto- 
sis (Lu et al, 2000). Mitochondria are particularly vul- 
nerable to oxidative damage because they are the ma- 
jor source of oxidants produced through normal 
metabolic processes. Mitochondrial dysfunction has 
been observed in AD brain (Hirai et al, 2001), and as 
a consequence, stimulation of the mitochondrial path- 
way of apoptosis may be elicited through oxidative 
damage leading to the release of cytochrome c. Re- 
leased cytochrome c interacts with Apaf-1 and this 
complex recruits caspase-9 leading to its activation 
(Kuida, 2000). Studies have shown that if caspase-9 is 
inactivated or is not expressed, full activation of the 
mitochondrial pathway does not occur (Kuida, 2000). 
For example, caspase-9 null mice are deficient in acti- 
vation of caspase-3 in vivo and cytochrome c-mediated 
cleavage of caspase-3 is absent in cytosolic extracts but 
can be restored after reconstitution with in vitro-trans- 
lated caspase-9 (Kuida etal, 1998). Thus, the observa- 
tion of neurons containing both oxidatively damaged 
DNA/RNA, most likely associated with mitochon- 
drial dysfunction, and the activation of caspase-9 sug- 
gests a link between these two events in vivo. Further 
experiments will help clarify the strength of the asso- 
ciation between these two markers of cell dysfunction. 

Stimulation of Apoptotic Pathways by Multiple 
Insults May Ultimately Lead to the Activation 
of Caspase-3 

Another outcome of the present study was the dem- 
onstration of colocalization of activated caspase-9 and 
caspase-8 within individual neurons in the AD brain. 
This suggests the possibility of concurrent activation 
of both major pathways of apoptosis within the same 
neuron possibly by different stimuli. Caspase-8 has 
been implicated in Fas/CD95 or tumor necrosis factor 
(TNF) receptor cell death program. In this regard, 
caspase-8 is thought to be the most apical member of 
the family of caspases that is recruited by adapter 
proteins (e.g., Fas-associated death domain, FADD) 
and converted to an active form by auto proteolysis 
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(Muzio et aL, 1996). Cleavage of caspase-8 results in 
two active fragments of 11 and 18 kDa, both of which 
represent the activated form of the enzyme. Caspase-8 
in turn, is thought to activate downstream caspases, 
particularly caspase-3 (Takahashi, 1999). 

What mechanism occurring in the AD brain could 
possibly lead to the activation of both pathways of 
apoptosis within the same neuron? In a previous 
study, we presented a model proposing that j3-amy- 
loid may induce neuronal cell death by inducing ap- 
optosis following cross-linking of death-receptors and 
concomitant activation of caspase-8 and caspase-3 
(Rohn et aL, 2001a). Several in vitro studies support this 
as a possible mechanism for j3-amyloid-induced neu- 
rotoxicity (Ivins et aL, 1999a,b). In addition to the 
possible activation of death receptors by a cross-link- 
ing mechanism, evidence suggests that /3-amyloid 
may also induce significant oxidative stress within 
neurons by the formation of reactive oxygen species 
(Miranda et aL, 2000; Varadarajan et aL, 2000). The 
formation of reactive oxygen species and subsequent 
oxidative damage may lead to the stimulation of the 
mitochondrial pathway of apoptosis. Evidence given 
in the present report, indicating the activation of 
caspase-9 and caspase-8, suggests that activation of 
both pathways of apoptosis may occur within neurons 
in the AD brain. 

However, the current study indicates a closer asso- 
ciation between NFT formation rather than j3-amyloid 
deposition and the extent of caspase-9 activation. The 
simplest interpretation is that j3-amyloid does not 
serve as a stimulus for the activation of either caspase. 
This may, however, be a difficult hypothesis to test 
using post mortem tissue because /3-amyloid is a long- 
lived protein and will be present in the brain at much 
longer time intervals than would be expected for the 
activity of any single enzyme. Experiments using neu- 
ronal cultures and in vitro methodologies would be 
better able to address this question directly. 

An Association between Caspase Activation and 
tau Pathology? 

Regardless of the exact pathway of apoptosis stim- 
ulated, the end result will be the activation of execu- 
tioner caspases, such as caspase-3, and the cleavage of 
critical cellular proteins. One susceptible protein that 
may be a target for caspase-3 cleavage relevant to AD 
is the microtubule-associated protein, tau. In AD, tau 
becomes hyperphosphorylated leading to the forma- 
tion of NFTs and destabilization of the cytoskeleton 
network (Bramblett etaL, 1993). NFTs consist of paired 



helical filaments (PHFs) resulting from the hyperphos- 
phorylation of tau in select neuronal populations. In 
the brains of patients with AD, the cytoskeleton is 
gradually damaged and replaced by bundles of PHFs, 
which are largely composed of abnormally processed 
forms of tau (Wischik et aL, 1988; Alonso et aL, 1996). 
Until recently, it was thought that an abnormal phos- 
phorylation of tau proteins was responsible for their 
aggregation in AD. However, normal tau proteins are 
also phosphorylated in fetal and adult brain, and they 
do not aggregate to form filamentous inclusions (Buee 
et aL, 2000). Moreover, nonphosphorylated recombi- 
nant tau proteins form filamentous structures under 
physiological conditions in vitro (Buee et aL, 2000). In 
light of these observations, it has been proposed that 
modifications of tau independent of phosphorylation 
may also be involved in the formation of pathological 
tau filaments. 

One recurrent theme demonstrated in the present 
study along with our previous studies is activation of 
caspases within tangle-bearing neurons (Rohn et aL, 
2001a,b; Su et aL, 2001). Thus, we have previously 
demonstrated a strong positive correlation (R = 0.84) 
between the presence of CCPs of fodrin and NFTs 
(Rohn et aL, 2001b). In the present study we actually 
observed a negative correlation between the activation 
of caspase-9 and NFTs in the CA1, parahippocampal 
regions, and the frontal cortex of the AD brain. There 
are a number of possible interpretations of this result: 
(1) the stimuli to drive mitochondrial-dependent 
caspase-9 activation are no longer present in tangle 
bearing neurons; (2) caspase-9 activation is indepen- 
dent of tangle formation; (3) caspase-9 activation pre- 
cedes tangle formation. We favor the last interpreta- 
tion because it is clear that the activation of caspase-9 
and tangle formation is related based on the results 
following quantitative analysis. These results are con- 
sistent with the appearance of activated caspase-9, 
followed by increasing numbers of neurons develop- 
ing tangles. 

The negative correlation in the present study be- 
tween caspase-9 activation and NFTs and the positive 
correlation between caspase cleavage of fodrin and 
NFTs in our previous report (Rohn etaL, 2001b) would 
seem to be contradictory. However, it is important to 
realize the distinction between the two antibodies 
used for each of these studies. The fodrin CCP anti- 
body recognizes cleavage products of fodrin that are 
stable, which accumulate over time and are present 
even when the neuron dies. It seems plausible that 
only when sufficient amounts of these CCPs of fodrin 
accumulate, does the fodrin CCP antibody give a 
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strong signal following immunohistochemical analy- 
sis. We hypothesize that the accumulation of CCPs of 
fodrin may take many years to develop and this is 
why it is so strongly correlated with PHF-1 immuno- 
labeling. On the other hand, an antibody against the 
active fragment of caspase-9 would be expected to 
provide a maximum signal as soon as it was activated 
in the AD brain, and might actually be attenuated in 
late stages of AD as the neurons die. 

Based on these results and other evidence in the 
literature, it is possible that the activation of caspases 
within neurons in the AD brain may lead to tau cleav- 
age and its modification may contribute to the forma- 
tion of PHFs and NFT formation. In order for this to be 
true, it must be first demonstrated that tau is cleaved 
by caspases in vivo. Data in the present study indicate 
the labeling of neurons with a site-directed caspase- 
cleavage antibody to tau in the AD brain, supporting 
the conclusion that tau is cleaved by caspases in the 
AD brain. The implications of these data are that 
caspases play an earlier role in the pathology associ- 
ated with AD then originally described and do not 
represent simply end stage processes associated with 
neuronal cell death. Therefore, pharmacological inter- 
vention using caspase inhibitors may be a potential 
beneficial therapeutic target for the treatment of AD. 

In some instances, staining with the tau-CCP anti- 
body revealed labeling of neurons that was granular 
and vesicular in nature (Fig. 4D, inset). Previous stud- 
ies have shown that tau is not only a substrate for 
caspase cleavage, but in turn, this produces a tau 
fragment that is an effecter of apoptosis generating a 
positive-feedback loop that is self-propagating (Fasulo 
etaL, 2000; Chung etaL, 2001). Therefore, the compart- 
mentalization of caspase-cleaved fragments of tau 
would suggest that these fragments are somehow 
toxic to the neuron and are being segregated as a 
possible means of protection. These results are sup- 
ported by a previous study, which demonstrated the 
activation of caspase-3 in autophagic granules in sin- 
gle neurons in the AD brain (Stadelmann et al, 1999). 
The authors concluded that activation of caspases in 
neurons is counteracted by the seclusion of damaged 
areas into autophagic vacuoles (Stadelmann et al, 
1999). 
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FIG. 5. A hypothetical sequence of events leading to caspase acti- 
vation and possibly tau cleavage. Two parallel pathways, activated 
by different stimuli, may operate within individual neurons. The 
accumulation of /3-amyloid may lead to the cross-linking and acti- 
vation of receptors resulting in caspase-8 activation. An additional 
mechanism is that )3-amyloid may modify lipids by oxidation in the 
cell membrane that may also increase or exacerbate existing oxida- 
tive damage within neurons. Mitochondrial dysfunction is also a 
consequence of oxidative damage that can be detected by oxidative 
modifications to DNA/RNA, which may accumulate within neu- 
rons and in turn lead to further mitochondrial dysfunction. Cyto- 
chrome c is released by dysfunctional mitochondria and activates 
caspase-9. Both pathways may then converge by activating the 
effecter enzyme, caspase-3. Tangle formation may be occurring 
independently or as a consequence of caspase-3 activation and 
cleavage of tau. Asterisks indicate markers used in the current 
study. 



A Hypothetical Sequence of Events Unking 
P -Amyloid Deposition and NFT Formation 
in the AD Brain 

We propose that individual neurons within the AD 
brain may have a number of caspases that have been 



activated by several possible stimuli (Fig. 5). The dep- 
osition of /3-amyloid may lead to caspase-8 activation 
through cross-linking of death receptors such as Fas. 
In parallel, oxidative damage accumulating with both 
age and with disease may lead to mitochondrial dys- 
function, the release of cytochrome c, and finally, 
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caspase-9 activation. Thus, it is possible that the cu- 
mulative events of j3-amyloid accumulation and oxi- 
dative damage may converge and become additive 
when levels of caspase-3 rise. In this model, tangle 
formation would be a relatively late event and is more 
closely associated in time with caspase-3 activation 
and the accumulation of caspase-3 cleavage products, 
such as fodrin. Caspase cleavage of proteins that are 
constituents of the cytoskeleton, such as fodrin and 
tau, may result in the disassembly of the cytoskeleton, 
leading to disruption of synaptic vesicle transport as 
well as altering cell morphology. 

In conclusion, we have demonstrated the activation 
of caspase-9 together with caspase-8 and products of 
caspase-3 cleavage in the AD brain. The colocalization 
of caspase-9 together with caspase-8 within individual 
neurons would suggest the activation of multiple 
pathways of apoptosis within neurons in the AD 
brain. It is possible that /3-amyloid may initiate the 
activation of both apoptotic pathways through either 
cross-linking of death receptors or through the gener- 
ation of oxidative damage. The activation of either 
pathway within neurons of the AD brain may lead to 
the concomitant activation of caspase-3 and subse- 
quent cleavage of cellular proteins, including tau. 
Caspase-cleavage of tau may induce modifications of 
tau that facilitate the formation of PHFs and ulti- 
mately NFTs. However, the exact role of caspase 
cleavage of tau, in vivo, and the formation of NFTs will 
require additional studies. 
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Abstract 

Several studies have suggested that activated caspase-3 has properties of a cell death executioner protease. In this study, we examined 
the expression of activated caspase-3 in AD and aged control brains. Activated caspase-3 immunoreactivity was seen in neurons, 
astrocytes, and blood vessels, was elevated in AD, and exhibited a high degree of colocalization with neurofibrillary tangles and senile 
plaques. These data suggest that activated caspase-3 may be a factor in functional decline and may have an important role in neuronal cell 
death and plaque formation in AD brain. © 2001 Elsevier Science BY. AH rights reserved. 
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Alzheimer's disease (AD) is a neurodegenerative disease 
characterized by massive neuronal death, extracellular 
senile plaques (SPs), and intracellular neurofibrillary tan- 
gles (NFTs). The major protein component of SPs is 
p-amyloid (A3), which is derived from a much larger 
transmembrane amyloid precursor protein (APP). Ap is 
initially soluble but under the influence of local environ- 
mental changes, soluble Ap aggregates. The aggregated 
form of Ap is neurotoxic and accumulates in plaques in 
AD brain (for reviews, see Refs. [11,20]). NFTs are 
intracellular intermediate filaments that appear to originate 
from the hyperphosphorylation of the protein tau. As 
paired helical filaments (PHF) accumulate, they disrupt 
intracellular transport and are thought to contribute to 
neurodegeneration (for review, see Ref. [28]). Thus, a 
wide variety of recent data suggest that SPs and NFTs may 
be active participants in the neuronal death associated with 
AD. We and others have suggested that apoptosis may be 
one of the mechanisms leading to neuronal cell death in 
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AD [8,12,25]. In this regard, cultured neurons exposed to 
Ap undergo apoptotic cell death, and histochemical tech- 
niques for the demonstration of fragmented DNA reveal a 
large number of positive neurons in postmortem AD brain. 
Many cells that exhibit DNA damage also exhibit apo- 
ptotic-like morphological characteristics, including chro- 
matin aggregation, nuclear shrinkage and formation of 
apoptotic bodies. Furthermore, there is altered expression 
of apoptosis-related proteins, such as Bcl-2 and Bax in AD 
brains. Finally, recent evidence suggests that some genetic 
factors such as Presenilin 1 and Presenilin 2 may increase 
neuronal vulnerability to apoptosis (for review, see Ref. 
[4]). 

A central component of the machinery of apoptosis is an 
aspartate-specific cysteine class of proteases called cas- 
pases. Caspases function in both cell disassembly (effec- 
tors) and in initiating this disassembly in response to 
pro-apoptotic signals (initiators). Multiple lines of evi- 
dence indicate that caspase-3 plays an important role in 
several models of apoptosis (for review, see Refs. [15,27]). 
Caspase-3 normally exists in the cytosolic fraction of cells 
as an inactive precursor that is activated by enzymatic 
cleavage in early apoptosis. Activated caspase-3 is found 
only in cells undergoing apoptosis, and consists of pi 8 
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(amino acids 29-175) and pl2 subunits (amino acids 
116-211) [17], which are derived from the 32-kDa pro- 
enzyme (pro-caspase-3). Several studies have suggested 
that caspase-3 activation is both necessary and sufficient to 
trigger apoptosis. Additionally, multiple apoptotic signals 
have been shown to activate this protease [5,6]. In the cell 
death pathway, activated caspase-3 is thought to be 
responsible for dismantling cellular proteins and activation 
of caspase-3 cannot be reversed. Thus, caspase-3 has 
properties of a cell death executioner protease (for review, 
see Refs. [14,27]). However, little is known about the 
expression of active caspase-3 in AD brain. Such in- 
formation is important for understanding the molecular 
mechanisms of neuronal cell death in AD and could be 
critical for developing strategies for managing this protease 
with inhibitors. We have recently shown that activated 
caspase-3 immunoreactivity was detected in both neurons 
and astrocytes and was elevated in frontotemporal de- 
mentia cases [26]. This led us to investigate activated 
caspase-3 expression in AD brain. The results demonstrate 
that activated caspase-3 immunoreactivity is elevated in 
AD cases and exhibits a high degree of colocalization with 
NFTs and SPs in AD brain. 

Postmortem tissue was obtained from the Institute for 
Brain Aging and Dementia Tissue Repository. The hip- 
pocampal formation and frontal cortex from seven AD and 
four control cases was examined. Fresh brain tissue was 
fixed in 10% formalin or 4% paraformaldehyde in 0.1 M 
Sorensen's buffer (pH 7.3) for 48-72 h, and stored in 0.1 
M PBS (0.02% sodium azide) at 4°C. All experiments 
were performed using free-floating 40-50-|xm sections cut 
on a Vibratome and collected in PBS, pH 7.4. AD and 
control cases were matched for age and PMD as closely as 
possible. Mean age AD =79 ±9 years, control=76±12 
years; mean PMD AD=2.6±1.5 h, control =4.9 ±2.5 h. 
There were no statistically significant differences in these 
variables. 

Tissue was processed as described previously [25,26]. 
Briefly, tissue sections were treated for 20 min. with 1% 
H 2 0 2 to inactivate endogenous peroxidases. Before incu- 
bation with antibodies to caspase-3, some sections were 
immersed in 50% formic acid for 5 min. Sections were 
incubated overnight at room temperature in primary anti- 
body, rinsed, and incubated in biotinylated secondary 
antibody and avidin-biotin complex for 1 h, respectively 
(Vector Labs, CA). The final color product for single 
labeling was visualized by diaminobenzidine (DAB) for a 
brown reaction product or a SG kit (Vector Labs, CA) for a 
blue-gray reaction product. Some sections were counter 
stained with Neutral Red. In double-labeling experiments, 
bound antibodies were detected using a DAB kit for the 
first antigen and an SG kit for the second antigen or using 
HTC-conjugated IgG (green fluorescence) and CY3-conju- 
gated IgG (red fluorescence) (Jackson ImmunoResearch, 
PA). Sections incubated in parallel without primary anti- 
body failed to develop specific staining. For the purpose of 



quantitative estimation a series of sections was used. Free 
floating sections from seven AD and four control brains 
were processed in parallel with the same batch of antibody 
dilution. 

A species anti-species antibody (CM1, 1:8000) was used 
to identify activated caspase-3 (IDUN Pharmaceuticals, La 
Jolla, CA). The protocols employed for the production of 
CM1 antibody and its characterization have been described 
elsewhere [23]. Briefly, this antibody was raised against a 
13-amino acid peptide sequence from the C terminus of the 
pl8 subunit of cleaved caspase-3. On Western blot analy- 
sis, this antibody recognizes the large (pi 8) subunit of 
cleaved caspase-3 and does not recognize the unprocessed 
p32 zymogen form or the cleaved small (pl2) subunit of 
caspase-3. CM1 immunolabeled apoptotic, but not normal 
or necrotic, neurons in vitro. CM1 immunoreactivity was 
absent in the nervous system of caspase-3-deficient mouse 
embryos and in neurons cultured from caspase-3-deficient 
mice and was verified by Western blot analysis and 
immunohistochemistry [10,24,26]. These data strongly 
support the specificity of CM1 antibody. In addition, one 
commercially available anti-active caspase-3 polyclonal 
antibody (PharMingen 67341 A, 1:700) was also used to 
recognize active caspase-3 (17-kDa form). This affinity- 
purified antibody was made against an active human 
caspase-3 fragment and was characterized by immuno- 
histochemistry of vibratome sections [7]. Two well-char- 
acterized monoclonal antibodies, AT8 (1:10,000) and 
PHF-1 (1:1000), were used to detect PHF. The specificity 
of these antibodies has been described in detail previously 
[1,2]. In addition, mouse anti-human A(3, designated 6E10 
(Senetek, Maryland Heights, NJ), mouse anti-S-100 ((3- 
subunit) (Sigma, St. Louis, MO), and mouse anti-human 
neurofilament (SMI-33; Sternberger Monoclonals, Luther- 
ville MD) were used to identify SPs, astrocytes and 
neurons, respectively. 

Three X20 fields of CM 1 -stained sections, each field 
corresponding to an approximate area of 0.3 mm 2 from 
each CA1 area, were randomly captured using an Olympus 
BX60 microscope with a UPLAN objective (X20/0.70). 
All counted neurons were double-labeled with either CM1 
and SMI-33, or CM1 and PHF. In order to normalize for 
the loss of cells in AD and analyze these data relative to an 
unbiased index, results were expressed in terms of 'label- 
ing index', that is, the number of activated caspase-3- 
labeled neurons per 100 SMI-33-positive or NFT-bearing 
neurons. The labeling indices of double-labeled activated 
caspase-3 and SMI-33 or phosphorylated t were analyzed 
using Image-Pro Plus (version 4.0, Media cybernetics). To 
work out the index of tangle-bearing neurons a series of 
neighboring sections were used to minimize the variance in 
imaging analysis. The means from AD and controls were 
statistically analyzed using ANOVA/r-test with a software 
of StatView 4.5 (Abacus Concepts, 1995). P values less 
than 0.05 were accepted as statistically significant. 

In general, neurons and senile plaques were immuno- 
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reactive to both of the antibodies against active caspase-3 
used in the present study. However, 67341 A (PharMingen) 
produced less robust neuronal staining than CM1. Thus, 
CM1 was employed in all double-labeling experiments. 
The most robust labeling with the least background was 
observed in cases with shorter PMD and paraformaldehyde 
fixation. Quantitative labeling indices exhibited a strong 
significant difference between AD and control brains (P< 
0.01) in both CM1/PHF and CM1/SMI-33 neuron sub- 
groups. 



1. Activated caspase-3 immunoreactivity in age- 
matched control brain 

CM1 and 67341A, which detect activated caspase-3 
expression, were examined in four non-demented normal 
control cases. Activated caspase-3 immunoreactivity was 
present in a small subset of neurons in three out of four of 
these cases. Neurons positive for activated caspase-3 
showed weak to moderate staining in a fine punctate 
pattern within the cytoplasm /soma, nucleus, and proximal 
neurites of neurons in layers 2-3 of entorhinal cortex and 
the CA1 region of hippocampus. In frontal cortex, positive 
neurons were observed mainly in the pyramidal neurons in 
layers 2-3 (Fig. 1). 

Activated caspase-3 immunoreactivity was also found 
within scattered plaque-like structures (Fig. 1) in all 
control cases examined. Doubling labeling with CM1 or 
67341 A and 6E10 (Ap marker) in controls demonstrated 
that many caspase-3 immunoreactive plaque-like structures 
were also A 3 immunoreactive (not shown). 



2. Proportion of CMI-positive neurons to SMI-33- 
p sitive neurons and NFT-bearing neurons in control 
brain 

In order to investigate the relationship between activated 
caspase-3-positive cells and neuronal labeling in controls, 
double labeling for CM1 or 67341A and SMI-33 was 
conducted in sections from frontal cortex. All activated 
caspase-3 immunoreactive cells were also labeled with the 
neuronal marker SMI-33 (data not shown). Additionally, 
double labeling for CM1 or 67341 A and AT8/PHF-1 was 
conducted in order to investigate the relationship between 
activated caspase-3-positive neurons and neurofibrillary 
degeneration. Scattered AT8/PHF-l-positive NFTs were 
apparent in control cases; however, most neurons that 
exhibited activated caspase-3 immunoreactivity were nega- 
tive for AT8/PHF-1 immunoreactivity (not shown). Neu- 
rons double-labeled for CM1 and AT8/PHF-1 exhibited a 
punctate pattern of CM1 staining. The labeling index of 
CM 1 -positive/ SMI-33-positive neurons was 10.66%, 



while that of CMl-positive/PHF-positive neurons was 
3.28% (Fig. 2 and Table 1). 



3. Activated caspase-3 expression in AD brain 

Overall, immunoreactivity to CM1 or 67341A (PharM- 
ingen) was much more extensive in AD brains as com- 
pared to control cases. Activated caspase-3 immuno- 
reactivity was found to be present in a large subset of 
neurons, senile plaques, blood vessels, and glial cells with 
astrocytic morphologies (Fig. 3a-d). In neurons, CM1 
activated caspase-3 immunoreactivity was found within the 
cytoplasm/ soma, nucleus, and proximal processes, as 
observed in aged control cases. Interestingly, 67341A 
immunoreactivity within the nuclei was usually stronger 
than that within the cytoplasm/ soma (Fig. 3a, insets). 
Long activated caspase-3-positive neurites could be seen 
extending more than 300 |xm through the neuropil. Acti- 
vated caspase-3-positive neurons were observed mainly in 
the CA1 subfield of hippocampus, the entorhinal cortex, 
and the superficial layers of frontal cortex; however, 
activated caspase-3 immunoreactivity was rare in dentate 
granule cells. In accordance with observations in aged 
control brain (above), activated caspase-3-positive staining 
appeared as small punctate granules in a subset of neurons 
(Fig. 3a, insets). However, in contrast to these findings, 
active caspase-3 immunoreactivity in a subset of neurons 
in AD brain was in the form of fibrillar deposits which 
resembled the appearance of NFTs and dystrophic neurites 
as seen with immunostaining for phosphorylated tau (Fig. 
3b, right inset). Activated caspase-3 immunoreactivity was 
also detected in the granules of neurons exhibiting swollen 
morphologies with granulovacuolar degeneration, although 
other cytoplasmic compartments remained unstained in 
these cells (Fig. 3b, left inset), which is consistent with 
recent in vivo studies [22,24]. 

Immunoreactivity for activated caspase-3 was also seen 
in punctate or granular deposits and neurites in plaque-like 
structures in AD brain (Fig. 3c,d). Critically, diffuse 
plaque-associated immunoreactivity for active caspase-3 
was not observed with either of the antibodies employed in 
this study (CM1 or 67341A), suggesting that active 
caspase-3 in plaques was present in association with 
defined structures rather than reflecting neuropil deposition 
or non-specific staining. Doubling labeling with CM1 or 
67341A and 6E10 or AT8/PHF-1 demonstrated that many 
caspase-3-positive plaque-like structures were also Ap- 
immunoreactive (Fig. 3d). Moreover, these caspase-3-posi- 
tive structures in AD plaques were associated with PHF- 
positive dystrophic neurites (Fig. 3d, left inset). Addition- 
ally, in contrast to observations in control brain, activated 
caspase-3-positive astrocytes were also detected in AD 
plaques (Fig. 3d, right inset). 
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Fig. 1. Activated caspase-3 immunoreactivity is present in a small subset of neurons in three of four age-matched control brains. Arrows indicate neurons. 
Arrowhead indicates SP. Scale bar =290 jxm. 

Fig. 3. Activated caspase-3 expression in AD brain. (A) Activated caspase-3 immunoreactivity is present in a large subset of neurons in all AD brains 
examined. Arrows indicate positive neurons. Scale bar: 290 u,m. Insets: high magnification showing activated caspase-3 immunoreactivity in neurons 
stained with PharMingen active caspase-3 antibody (67341 A). Note that activated caspase-3 immunoreactivity is localized in nucleus and positive staining 
appears as small punctates. Scale bar: (insets) 54 u,m. (B) Activated caspase-3 expression in neurons where many of them are NFT-bearing neurons as 
revealed by immunofluorescence staining. Scale bar: 290 urn. Note that the immunostaining appears to be fibrillar deposits. Arrows indicate positive 
neurons. Right inset: high magnification showing fibrillar pattern (arrow). Left inset: high magnification showing that strong activated caspase-3 
immunoreactivity is detected in granules of granulovacuolar degeneration of a swollen neurons. Scale bar: (insets) 54 p,m. (C) Activated caspase-3 
expression in plaque-like structure (arrows) and blood vessels (arrowhead). Scale bar: 290 u-m. Inset: high magnification showing activated caspase-3- 
positive neurites in plaque-like structure (arrow). Scale bar: 72 jxm. (D) Many activated caspase-3 -positive plaques (blue) are co-localized with Ap 
(brown). Arrows indicate double-labeled SPs. Scale bar: 290 |xm. Left inset: high magnification showing that PHF-positive dystrophic neurites (blue) are 
associated with activated caspase-3-positive SPs (brown). Scale bar: 290 u,m. Right inset: two astrocytes (arrow, labeled with S-100(J, blue) are 
double-labeled with CM1 (brown) in plaque area. Scale bar: 54 u,m. 

Fig. 4. There is a prominent co- localization of activated caspase-3 (brown) and PHF (blue). Arrows indicate tangle-bearing neurons double- labeled with 
CM1 and AT8/PHF-1. Scale bar: 145 \im. Insets: double immunofluorescence staining showing a CM 1 -positive neuron (red, arrow, CY3 labeling) is 
co-localized with neurofibrillary tangle (green, arrow, FITC labeling). Note: CM1 positive neuron is slightly larger than tangle. Scale bar: 54 u,m. 
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Fig. 2. Labeling indices of double-labeled neurons in control and AD 
brains. The differences between AD and control brains in both neuron 
subgroups double-labeled with CM1/SMI-33 or CM 1 /PHF are highly 
significant (P<0.0\). 



4. Proportion of CMI-positive neurons to SMI-33- 
positive neurons and NFT-bearing neurons in AD 
brains 

In order to investigate the relationship between activated 
caspase-3-positive cells and neuronal labeling in AD, 
double labeling for CM1 or 67341 A and SMI-33 was 
conducted in sections from frontal cortex. All of the AD 
cases examined in this study exhibited a prominent co- 
localization between neurons exhibiting CM1 and SMI-33 
immunoreactivity (not shown). The majority of cells 
double labeled for CM1 and SMI-33 were pyramidal 
neurons and were distributed in layers 2-4. Additionally, 
double labeling for CM1 and AT8/PHF-1 was used to 
investigate the relationship between activated caspase-3 
immunoreactivity and neurofibrillary degeneration. All of 
the AD brains examined exhibited a strong co-localization 
between CMI-positive neurons and PHF-positive neurons 
(Fig. 4). The majority of neurons double-labeled for CM1 
and AT8/PHF-1 were pre-NFT, early NFT, or mature 
NFT-bearing neurons (Fig. 4, inset). Non-NFT-bearing 
neurons and pre- or early NFT-bearing neurons usually 
exhibited punctate CM1 immunoreactivity in the cyto- 
plasm, whereas mature NFT-bearing neurons usually ex- 
hibited fibrillar deposits of CM1 immunoreactivity in the 

Table 1 

Labeling indices" of activated caspase-3 and hyperphosphorylated t 
(PHF) b in CA1 of aged control and AD brains (meant S.E.)* 





N 


CM1 /SMI-33 


CM 1 /PHF 


Control 


4 


10.66±1.34 


3.28±1.20 


AD 


7 


86.72±2.96 


36.20±7.39 



a Labeling index was estimated based on double-labeling for CM 1/ SMI- 
33 or CM 1 /PHF, as described in the text 

b PHF labeling was conducted with mixed antiserum containing AT8 and 
PHF-1 antibodies, as described in the text. 
/ > <0.006 for all comparisons. 



cytoplasm. Activated caspase-3 immunoreactivity was 
generally not observed in extracellular NFTs. While acti- 
vated caspase-3 immunoreactivity was detected within a 
large subset of NFT-bearing neurons, a few activated 
caspase-3-positive neurons did not co-localize with NFTs. 
Neurons single-labeled for CM1 generally exhibited a 
punctate pattern of staining, and were predominanUy 
distributed in hippocampal fields CA2-3 and adjacent 
regions, or dispersed among neurons double-labeled for 
CM1 and AT8/PHF-1. The labeling index of CMI-posi- 
tive/ SMI-33-positive neurons was 86.72%, while that of 
CMl-positive/PHF-1 -positive neurons was 36.20% (Fig. 2 
and Table 1 ). These labeling Indices were 8 to 1 1 times 
higher in AD as compared to control brain (P<0.01). 

The principal goals of this study were to examine 
whether activated caspase-3 is present in neurons in AD 
brain, and the relationship of NFT-bearing neurons to 
activated caspase-3-positive neurons in AD. In contrast to 
a recent study [22], we demonstrate clear evidence that 
activated caspase-3 immunoreactivity is present in neurons 
in both control and AD brain, and that there is a significant 
up-regulation of activated caspase-3 immunoreactivity in 
AD compared with control cases. In this regard, the 
labeling index of activated caspase-3 was approximately 8 
times higher in AD brain than in control brain (P<0.01). 
Activated caspase-3-immunoreactive neurons appeared 
unhealthy. Most of these neurons were pyramidal in type, 
and were distributed in entorhinal cortex, CA1, and the 
superficial layers of frontal cortex, roughly corresponding 
to vulnerable areas of AD brain. Additionally, over one- 
third of NFT-bearing neurons were active caspase-3-posi- 
tive; these double-labeled neurons consisted of pre-tangle 
neurons, early stage NFTs, and mature NFTs. These 
findings support the suggestion that active caspase-3 might 
mediate or contribute to NFT formation and associated 
neuronal death in AD brain, and are consistent with recent 
studies demonstrating that caspase-3 is involved in t and 
APP cleavage [3,9]. 

Neurons labeled for active caspase-3 exhibited several 
characteristics. First, active caspase-3 immunoreactivity 
was present in neuronal nuclei, this observation is in 
agreement with our previous findings in frontal-temporal 
dementia neurons [26]. These results are also consistent 
with recent animal model studies [16,29], in which nuclear 
localization of active caspase-3 was reported in neurons 
undergoing apoptosis. Nuclear localization of active 
caspase-3 as observed here suggests that activated caspase- 
3 is translocated from the cytoplasm to the nucleus in AD 
neurons, and may contribute to an apoptotic program. 
Nuclear proteins such as the DNA repair or degrading 
enzymes PARP and ICAD/DFF45 have been shown to be 
caspase-3 substrates (for review, see Ref. [13]). Presumab- 
ly, one role of nuclear activated caspase-3 might be to 
cleave these substrates, resulting in nuclear DNA frag- 
mentation and ultimately contributing to neuronal death. 

A second characteristic of active caspase-3 immuno- 
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reactivity was that two staining patterns, punctate and 
fibrillar, were observed within the cytoplasm of AD 
neurons. Surprisingly, fibrillar caspase-3 staining bore a 
marked similarity to the pattern of staining observed with 
PHF-1. Double labeling experiments showed that punctate 
deposits were usually detected in non NFT-bearing neu- 
rons and pre- or early NFT-bearing neurons, whereas 
fibrillar deposits were usually observed in mature NFT- 
bearing neurons. Furthermore, only punctate deposits of 
active caspase-3 were detected in control brain, and these 
were observed in only a small subset of neurons. No 
fibrillar active caspase-3 immunoreactivity was observed in 
control brain neurons. Caspase-3 is the leading candidate 
as the primary effector protease in neuronal apoptosis. 
More than 40 protein substrates for caspase-3 have been 
identified, including cytoskeletal, regulatory, and neuro- 
pathological proteins such as t, Bcl-2, APP, and presenilins 
(for review, see Ref. [13]). Furthermore, during neuro- 
fibrillary degeneration the N-terminal half of the t mole- 
cule in the most superficial part of the PHF coat is cleaved 
or degraded [31]. Presumably, the intracytoplasmic redis- 
tribution of active caspase-3 immunoreactivity from a 
granular to a fibrillar pattern could reflect the cleavage of 
neurofilament-associated substrates during chronic neuro- 
nal degeneration in AD. Further studies are needed to 
confirm this hypothesis. 

An unexpected finding of the present study was that 
activated caspase-3 immunoreactivity was present in a 
small subset of neurons in control brain, although the 
number of these cells was approximately eight times lower 
than that found in AD brain (P<0.01). These results are 
consistent with a recent in vivo study, which reported 
activated caspase-3-immunoreactive neurons in the sub- 
stantia nigra of control human brain [10]. In parallel with 
our findings, activated caspase-3-positive neurons in that 
study also appeared unhealthy and were detected in areas 
susceptible to degeneration. Interestingly, double-labeling 
experiments demonstrated that most of active caspase-3- 
positive neurons in control brain in the present study were 
not labeled with AT8/ PHF-1. In contrast, activated 
caspase-3 immunoreactivity was observed in 87% of all 
neurons, and 36% of AT8/ PHF-1 -positive neurons, in AD. 
Taken together with the change in cellular distribution of 
activated caspase-3 in AD as compared with control brain, 
these results suggest that alterations in neuronal active 
caspase-3 expression may occur prior to NFT formation. 

Recent studies have shown that caspase-3 is activated in 
early apoptosis and its activation precedes the appearance 
of DNA damage [10,16]. However, CM1 and 67341A 
immunoreactivity in neurons could simply reflect caspase- 
3 activation; concurrent expression of caspase-3 inhibitory 
proteins, such as the inhibitor of apoptosis proteins (IAPs) 
or other molecules, could mitigate the impact of caspase-3 
activation, blocking immediate apoptotic neuronal loss but 
contributing to cellular dysfunction. Hence, activation of 
caspase-3 would not necessarily predetermine an apoptotic 



cell fate. Furthermore, CM1 and 67341 A recognize an 
epitope of caspase-3 exposed by activation, this epitope is 
not the active site for caspase-3-mediated cleavage of other 
proteins. Immunocytochemical staining with these anti- 
bodies therefore provides evidence that caspase activation 
has occurred, however, it is theoretically possible that this 
epitope accumulates in AD neurons, and could thus reflect 
previous, rather than current, caspase activation. 

Accordingly, we hypothesize that the majority of active 
caspase-3-immunoreactive neurons in AD brain have 
suffered sublethal insults, resulting in impaired cellular 
signaling, dysfunction, and the initiation of early mecha- 
nisms associated with apoptosis — without commitment to 
apoptotic cell death. In this light, some proportion of these 
neurons may ultimately undergo one of several cell fates, 
including necrosis, apoptosis, or degeneration via NFT 
mechanisms that differ from either of these cell death 
pathways. In support of this possibility, while caspase-3 
activation has been shown to be necessary and sufficient 
for neuronal cell death, recent work suggests that caspase 
activation in T cells can occur in the absence of cell death 
and apoptosis [30,32]. Moreover, the possibility that 
caspase activation could play a role in normal cellular 
functions in some cell types cannot be excluded (for 
review, see Ref. [33]). 

Given the injured state of AD neurons and potential for 
rapid caspase activation it is also important to note that the 
detection of activated caspase-3 could be influenced by 
variables related to postmortem delay, agonal state, or 
tissue archival. We have previously investigated the contri- 
bution of these variables to the detection of DNA damage 
by terminal transferase-mediated dUTP nick-end labeling 
(TUNEL) in AD brain, another rapidly initiated marker of 
cellular injury. Our findings suggest that TUNEL detection 
is not affected by postmortem delays less than 6-8 h or 
archival in formalin less than 4 years (for review, see Ref. 
[4]). In accordance with our findings in these studies, we 
selected cases for the current study that are of the shortest 
possible postmortem delay and archival lengths. The 
dramatic differences in active caspase-3 labeling between 
short postmortem delay, high quality AD and control brain 
tissue observed in the present study support a specific, 
pathology-related source of caspase activation as the basis 
for these findings. However, the potential for postmortem 
or agonal activation of caspase-3 cannot be excluded on 
the basis of in situ tissue analyses. 

Another goal of this study was to examine the expres- 
sion of activated caspase-3 in A(3 plaques, and the 
relationship of activated caspase-3 expression to dystrophic 
neurites and glial cells. In this study, we observed strong 
active caspase-3 immunoreactivity in numerous senile 
plaques (SPs), and demonstrated that this immunoreactivi- 
ty is detected in SP-associated astrocytes and dystrophic 
neurites. AfJ, the major protein component of SPs, is 
derived from a much larger transmembrane precursor APP. 
It is likely that extracellular Ap can arise from APP in 
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neurites and astrocytes (for review, see Refs. [20,21]). 
Based on in vitro and in vivo observations of Ap gene- 
ration via caspase-mediated APP cleavage, and co-locali- 
zation of a caspase-3 APP cleavage product with Ap in 
SPs in AD, at least one recent study has concluded that 
caspase-3 is the predominant caspase involved in APP 
cleavage [9]. This suggests that active caspase-3 in SP- 
associated astrocytes and neurites, as observed in the 
present study, may contribute to plaque maturation. The 
lack of active caspase-3 immunoreactivity in diffuse 
plaques, which contain few astrocytes or dystrophic neur- 
ites, is consistent with the intracellular generation of Ap 
via such a mechanism. However, because it is generally 
thought that diffuse plaques progress to form SPs over 
time, it seems reasonable to hypothesize that APP cleavage 
by astrocytic and neuritic caspase-3 may play a contribut- 
ory, rather than a causative, role in plaque pathogenesis. 
As discussed above, the presence of active caspase-3 in 
plaque-associate dystrophic neurites suggests that this 
protease may also be involved in t cleavage in these 
structures. 

Accumulating evidence suggests that caspase inhibitors 
play a key role in the control and regulation of cell death 
protease cascades. Several neuronal inhibitors of apoptosis 
proteins have been identified (for review, see Refs. 
[18,19]), and a clear link between a failure of caspase 
inhibition and the hereditary neurodegenerative disorder 
spinal muscular atrophy has recently been reported (for 
reviews, see Refs. [18,19]). Recent studies have also 
shown that peptidyl caspase inhibitors can prevent neuro- 
nal loss in animal models of stroke, myocardial ischemia- 
reperfusion, liver disease, and traumatic brain injury (for 
reviews, see Refs. [13,18,27]. However, many questions 
remain to be answered if these promising results are to be 
applied to neurodegenerative disease, including identifying 
what the best targets for apoptosis inhibition are in AD. In 
this study, we demonstrate clear evidence that active 
caspase-3 is co-localized and elevated in NFT-bearing 
neurons and SPs, two primary pathological hallmarks of 
AD. Considering the close co-localization and marked 
elevation of active caspase-3 within NFTs and SPs, we 
suggest that caspase-3 inhibition may be a viable therapeu- 
tic target for slowing the progression of AD. 

In conclusion, our findings suggest that activated 
caspase-3 immunoreactivity is elevated in AD and exhibits 
a high degree of colocalization with NFTs and SPs in AD 
brain. These data suggest that activated caspase-3 may 
have an important role in neuronal cell death, as well as 
NFT and plaque formation in the AD brain. 
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Axonal loss, already present in the acute and first 
relapse phases of experimental allergic encephalo- 
myelitis (EAE) in the ABH mouse, only becomes ap- 
parent in the third relapse in the interleukin-12 
model of relapsing EAE in the Lewis rat. Caspase-1 
immunostaining in the spinal cord of Lewis rats was 
mainly localized to inflammatory cuffs with the great- 
est proportion of active caspase-l-positive cells 
detected during the first and second relapses, corre- 
lating with enzyme activity and protein on Western 
blots. However, in the spinal cord of ABH mice during 
acute EAE, caspase-1 immunostaining was localized 
both on inflammatory and neuronal cells, again cor- 
relating with enzyme activity and protein production. 
In contrast, caspase-3 expression in the spinal cord 
of Lewis rats did not increase significantly until 
the third relapse when inflammatory and neuronal 
cells and axons became positive in line with a signif- 
icant increase in caspase activity. In ABH mice active 
caspase-3 was already immunolocalized on axons and 
apoptotic neurons in the spinal cord during the acute 
stage of EAE. Because caspase-3 is a downstream cell 
death signal it may be possible to reduce apoptosis by 
selectively blocking caspase-3 and therefore provide a 
therapeutic target for EAE and potentially, multiple 
sclerosis. (Am J Pathol 2002, 161:1577-1586) 

We have previously shown that interleukin (IL)-12, a 
proinflammatory cytokine, can induce serial paralytic re- 
lapses of experimental allergic encephalomyelitis (EAE) 
in the Lewis rat 1 with the appearance of myelin basic 
protein-laden macrophages, indicating myelin process- 
ing. 1,2 Signs of limited axonal death together with local- 
ization of tissue plasminogen activator (tPA) were ob- 
served on axons by the third relapse. 2 In ABH mice, 



however, chronic relapsing EAE (CREAE) can be in- 
duced by a single sensitization with spinal cord homog- 
enate and animals undergo relapsing-remitting disease. 
This is characterized by progressive inflammatory demy- 
elination but also by axonal loss even during the acute 
stage. 3 Interestingly, Lewis rats showed no clinical signs 
of disease between the relapses whereas ABH mice 
showed cumulative deficits after each bout of disease. 

Caspases, a family of cysteine proteases mainly in- 
volved in the apoptotic pathway 4 are essential for the 
control of cell populations not only during development 
but also in pathology. 5,6 Apoptosis is recognized by dis- 
tinct morphological changes, including cell shrinkage, 
nuclear condensation, and fragmentation. 7 Caspases are 
synthesized as inactive proenzymes releasing active 
subunits when they are catalytically activated 8-12 The 
active caspases hydrolyze a number of key structural 
and housekeeping proteins in the progression of apopto- 
sjs s.13.14 /\ mon g these, caspase-1, also known as IL-1/3- 
converting enzyme, is less involved in the apoptotic cas- 
cade but prominent in inflammation in which it plays a key 
role in regulating cellular export of proinflammatory cyto- 
kines such as IL-1/3. 15 However, overexpression of 
caspase-1 can lead to apoptotic cell death and may 
mediate microglial apoptosis after inflammatory micro- 
glial activation in vitro. 16-18 Caspase-3 or CPP32, another 
member of the caspase family, appears to be the main 
effector caspase involved in neuronal apoptosis. 19,20 Ac- 
tivation of caspase-3 has been shown to be a critical 
event in neuronal apoptosis in the brain during develop- 
ment and after acute injury and after exposure to the 
cytokines produced from activated microglia. 17,19,20 

Because there is limited axonal death in Lewis rats 
after three relapses of EAE and ABH mice undergo ax- 
onal damage and demyelination, particularly after the first 
relapse, the aim of the study was to test the hypothesis 
that the axonal death observed might be mediated by 
caspases, caspase-1 and in particular caspase-3. 
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Materials and Methods 

Induction of Active EAE 

Female Lewis rats (180 to 200 g) (Charles River, Kent, 
UK) were immunized in each hind foot with a mixture of 
purified guinea pig myelin basic protein (final concentra- 
tion, 1 mg/ml) t emulsified in Freund's complete adjuvant 
(myelin basic protein-complete Freund's adjuvant) con- 
taining Mycobacterium tuberculosis H37Ra (final concen- 
tration, 5 mg/ml; Difco Laboratories, Detroit, Ml) in a final 
volume of 50 fx\. Animals were weighed and monitored 
daily for clinical signs of EAE using the earlier published 
criteria. 2 

CREAE was induced in 6- to 8-week-old Biozzi ABH 
mice (bred at the Institute of Neurology) by injection with 
mouse spinal cord homogenate emulsified in complete 
Freund's adjuvant on days 0 and 7. 3 Animals with com- 
plete hindlimb paralysis were examined during the initial 
acute paralytic attack on day 18 after immunization and 
the first clinical relapse on days 37 to 42 after immuniza- 
tion Animals were also examined during the first clinical 
remission on days 27 to 28 after immunization in which 
animals exhibited only minimal tail paresis and chroni- 
cally affected remission animals after three relapses on 
days 80 to 100, in which animals had residual hindlimb 
paresis. 21,22 



IL-12 Administration to Lewis Rats 

Recombinant murine IL-12 (Genetics Institute, Cam- 
bridge, MA) was administered intraperitoneal^ as de- 
scribed before 2 



Immunocytochemistry 

Rats and mice were culled at different stages after im- 
munization and the brain and spinal cord were removed 
and rapidly frozen on solid C0 2 . Longitudinal frozen sec- 
tions were cut, adhered to Vectabond-coated slides 
(Vector Laboratories, Peterborough, UK) and processed 
for immunohistochemistry using the following antibodies 
to caspases: rabbit anti-caspase-1 (p10 subunit, diluted 
1:200) and goat anti-caspase-3 (1:200) (both from Santa 
Cruz Biotechnology Inc., Santz Cruz, CA). Tissues were 
fixed in ethanol for 1 minute at room temperature and 
washed twice in phosphate-buffered saline (PBS) fol- 
lowed by incubation with the appropriate primary anti- 
body diluted in PBS, pH 7.4. For caspase-3 immunostain- 
ing an additional step was included in which tissues were 
permeabilized in 0.1% Triton X-100 for 5 minutes after 
fixation. After incubation with the primary antibody sec- 
tions were washed in PBS before incubation with either 
biotinylated anti-goat or anti-rabbit IgG (Vector Labora- 
tories) diluted 1:200 for 30 minutes at room temperature. 
Peroxidase-labeled avidin-biotin complex solution was 
added to the sections (Vector Laboratories) for 45 min- 
utes, washed, and peroxidase activity detected by plac- 
ing the slides in a solution of 0.5 mg/ml of 3,3'-diamino- 
benzidine (Sigma, Poole, UK) in PBS containing 0,01% 



hydrogen peroxide for 5 minutes. For caspase-3 immu- 
nostaining, nickel chloride was added to the 3,3'-diami- 
nobenzidine and hydrogen peroxide solution and sec- 
tions were not counterstained. Other sections were rinsed 
and counterstained in Mayer's hematoxylin (30 seconds), 
dehydrated through a graded series of alcohols, and 
mounted in DPX (BDH, Poole, UK). Appropriate antibody 
control sections were included with each run, including 
preabsorption of caspase-1 and -3 with the appropriate 
blocking peptide (Santa Cruz Biotechnology) for 2 hours 
at room temperature before incubating with sections. 

Identification of the Cell Types Expressing 
Cleaved Caspase-3 by Double- 
Immunofluorescent Staining 

Fixed sections were permeabilized with 1% Triton X-100 
for 10 minutes followed by three washes on PBS for 5 
minutes each before incubating with polyclonal cleaved 
caspase-3 antibody (1:100 dilution in PBS containing 1% 
bovine serum albumin; Cell Signaling Technology, Bev- 
erly, MA). Sections were then washed in PBS and incu- 
bated with fluorescein isothiocyanate-conjugated anti- 
rabbit IgG (Sigma). Sections were allowed to react with 
one of the following monoclonal antibodies: ED-1 (mac- 
rophage), OX-42 (macrophages/microglia), glial fibrillary 
acidic protein (astrocytes), SMI-32 (1:1000, neurons/ax- 
ons), OX-34 (1:500, T cells); or the following polyclonal 
antibodies: CNPase (1:1000, gift from Dr. T. J. Sprinkle, 
Veterans Affairs Medical Centre, Augusta, USA) and neu- 
rofilament 200 (1:500, neurons/axons, Sigma) or rat anti- 
mouse CD4 (1:50, CD4 T cells), F4/80 (1:50, macro- 
phages) (Serotec). Appropriate secondary antibodies 
(diluted 1:50 in PBS) used for the above markers were: 
tetramethyl-rhodamine isothiocyanate-conjugated anti- 
mouse, anti-rat, anti-rabbit, and anti-goat IgG (all from Sig- 
ma). Finally sections were mounted using Citifluor (Citifluor 
Ltd., London, UK) and viewed under the Radiance 2100 
confocal laser microscope using Lasersharp 2000 software 
system (Bio-Rad, Hertfordshire, UK). Captured images 
were converted to TIFF files using Confocal Assistant (Ver- 
sion 4.02, Todd Clark Brelje) and assembled using Adobe 
Photoshop (Adobe Systems Inc., San Jose, CA). Appropri- 
ate control sections were included in each run. 



Western Blotting 

Chopped spinal cord tissue was homogenized for 25 
seconds in cold lysis buffer consisting of: 20 mmol/L 
Tris/acetate (pH 7), 1 mmol/L EGTA, 10 mmol/L sodium 
^-glycerophosphate (pH 7.4), 1 mmol/L sodium or- 
thovanadate, 5% glycerol, 1% Triton X-100, and 0.27 
mol/L sucrose with 1 ju-mol/L microcystin LR, 1 mmol/L 
benzamidine, 4 ptg/ml leupeptin, and 0.1% j3-mercapto- 
ethanol (Bio-Rad, UK). The tissue suspension was cen- 
trifuged at 1500 rpm at 4°C and the supernatant and 
pellet separated. Supernatant protein was assayed us- 
ing the Lowry method with bovine serum albumin as a 
standard. 
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Figure 1. Caspase and CaspaTag-1 immunostaining. a: Spinal cord section from Lewis rat acute EAE immunostained with caspase-1. b: CaspaTag-1 immunostaining in 
a serial section, c: First relapse, d: Caspatag-1 in a serial section, e. Caspase-1 immunostaining in parenchymal astrocytes, f: White matter inflammatory cuff, g: Gray matter 
neurons of third relapse animals, h: Caspase-1 -positive neurons in gray matter of ABH mice, i: Inflammatory cuff in acute EAE. j: Immunostaining in first relapse animals. 
Original magnifications: X500 (a-d f f, g, i, and j); X1000 (e and h). Inset to i shows caspase-l-negative staining in control mice. 



Fifty fig of the supernatant protein including sodium 
dodecyl sulfate containing sample buffer was run on 
either 7.5% (Bio-Rad), 12%, or 16% (both from Autogen 
Bioclear, Wiltshire, UK) Tris-glycine precast gels and 



then transferred onto Immobilon P polyvinylidene difluo- 
ride membrane (Millipore, Bedford, MA). The membrane 
was blocked in 2% bovine serum albumin in Tween-Tris- 
buffered saline (T-TBS) and incubated with secondary 
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antibody for 2 hours diluted 1:2000 in 2% bovine serum 
albumin T-TBS. Membranes were washed in T-TBS 
before incubating with horseradish peroxidase-labeied 
anti-mouse or rabbit IgG. After further washes in T-TBS, 
membranes were developed using an enhanced chemi- 
luminescent kit (Amersham, Buckingham, UK). For con- 
trol experiments, caspase-1 or -3 antibody was pre- 
blocked as described above before applying onto 
Western blots. 



Detection of Active Caspases by CaspaTag 

CaspaTag detection kits (intergen Company, Oxford, 
UK) were used to detect activated caspase-1 and -3 in 
sections from experimental animals 23 according to the 
manufacturer's instructions. Sections were incubated 
with the appropriate detection kit in a humidified chamber 
at 37°C for 1 hour in the dark. Sections were washed 
three times in PBS followed by fixation for 10 minutes and 
two further washes in PBS. Sections were then counter- 
stained with Hoechst 33342 to indicate apoptotic cells 
and viewed under a fluorescent microscope at 490 exci- 
tation to observe green fluorescence of caspase-positive 
cells and a UV filter to view Hoechst staining. 

The number of CaspaTag-positive cells in spinal cord 
sections from Lewis rats were counted using a 100-/xm 2 
graticule in five different random fields for each section. A 
total of two sections from three animals in each group 
were counted and the results expressed as the mean ± 
SD. The results were analyzed statistically using Graph- 
Pad Prism software (GraphPad Prism, San Diego, CA). 
Sample means were analyzed using a one-way analysis 
of variance with Bonferroni's post hoc testing. 

Detection of Fragmented DNA in Cells Indicative 
ofApoptosis 

The Fluorescein-FragEL (QIA-39; Oncogene Research 
Products, San Diego, CA) system was used to evaluate 
DNA fragmentation in apoptotic cells according to the 
manufacturer's instructions. Briefly, sections were fixed in 
4% formaldehyde, permeabilized with proteinase K, and 
incubated with a fluorescent-labeled terminal deoxynu- 
cleotidyl transferase. Finally, sections were washed and 
mounted using the media provided and viewed under a 
confocal laser-scanning microscope (Bio-Rad). 



Results 

Disease Course and Pathology 

The samples for this study came from the same spinal 
cord tissue used in the previous report of IL-12-induced 
relapses in the Lewis rat. 2 Tissues from the representa- 
tive acute and the three subsequent relapses of EAE 
were used in this study. The clinical course and pathol- 
ogy of CREAE in the ABH mouse has been described. 3 
Here we selected animals during the peak of acute EAE, 
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Figure 2. Quantitation of the number of Caspatag-1 and -3 + cells in the 
spinal cord of Lewis rats during the relapses. ***, P< 0.0001 versus acute EAE. 

after remission from acute attack, first relapse, and atyp- 
ical chronic stages. 

Caspase-1 Immunostaining 

Caspase-1 immunostaining in Lewis rats was localized to a 
few cells in the spinal cord of control rats (not shown), none 
of which were positive by the CaspaTag-1 for active 
caspase-1. In acute EAE, caspase-1 -positive cells were 
restricted to inflammatory cuffs (Figure 1a) with some also 
staining with CaspaTag-1 (Figure 1b). During IL-12-induced 
relapses, numbers of both immunopositive and CaspaTag- 
1 -positive cells were localized in inflammatory cuffs as well 
as individual cells in the parenchyma, peaking during the 
second relapse (Figure 1, c and d, respectively, and Figure 
2). During the second and third relapse, immunopositive 
astrocytes were localized (Figure 1e) in close proximity to 
the inflammatory cuffs (Figure 1f) and also further into the 
parenchyma, whereas caspase-1 -positive neurons were 
observed in third relapse animals (Figure 1g), 

In contrast, Caspase-1 immunostaining in CREAE mice 
was abundant even during the acute phase within inflam- 
matory cells (Figure 1i) and neurons (Figure 1h). 
Caspase-1 -positive immunostaining was also observed 
on axonal surfaces predominantly during the relapse 
phase as well as neurons (arrow) and inflammatory cells 
(Figure 1j, arrowhead). CaspaTag-1 immunostaining for 
active caspase-1 activity was also strongly localized on 
axons and cells in all of the different phases studied, 
however it was difficult to distinguish between cellular 
and axonal staining (not shown). Weak caspase-1 and 
CaspaTag-1 immunostaining was also present in control 
ABH mice (not shown). Control sections were negative. 

Caspase-3 Immunostaining 

During acute EAE there were immunopositive cells in 
inflammatory cuffs (Figure 3a) with only a few of these 
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Figure 3. Caspase-3 immunostaining in Lewis rat spinal cords from EAE (a) t third relapse white matter (c), and third relapse (d) gray matter neuronal cells and 
axons (arrowhead). The corresponding CaspaTag-3 immunostaining is shown in b, e, and f, respectively, g and h: Caspase-3-immunostained axons in ABH mice 
acute EAE and first relapse animals, respectively. Inset to h shows caspase-3-positive immunostaining in neurons in gray matter of ABH mice. Original 
magnifications: X500 (a-h); X1000 (Inset). Inset to g shows caspase-3-positive immunostaining in control mice. 
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Figure 4. Phenotypic characterization of active caspase-3 + cells, a and d show double staining for active caspase-3 in ED-1 + macrophages (b) and NF + neuronal 
cells (e) and c and f are merged images of a and b and d and e, respectively, in the spinal cord of Lewis rats from the third relapse, g, ), and m show activated 
caspase-3 in CD4 + T cells (h), NF + axons (k), and CNPase* oligodendrocytes (n). i, 1, and o are merged images of g and h, j and k, and m and n, respectively. 
Original magnifications, X1500. White matter in all panels except d-f, 



cells positive for active caspase-3 in a serial section 
(Figure 3b) whereas very few cells were positive during 
the first and second relapse with caspase-3 and its active 
component (not shown). However, during the third re- 



lapse numerous microglia! cells in white matter (Figure 
3c) and neuronal cells in gray matter (Figure 3d) were 
stained positive with caspase-3 and CaspaTag-3, to- 
gether with small sections of axons in white matter and 
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gray matter (Figure 3, c and d, arrowheads). Control 
animals did not show any immunostaining for caspase or 
CaspaTag-3. 

Caspase-3 immunostaining in ABH mice showed that 
small sections of axons were immunopositive even in 
control animals (Figure 3g, inset). Once disease was 
induced, many white matter axons were immunopositive 
for caspase-3 (Figure 3g) and CaspaTag-3 activity was 
also localized to these axons (not shown). After remission 
from acute EAE small sections of axons remained posi- 
tive but by the first relapse phase, there was extensive 
detection of axonal and neuronal caspase-3 (Figure 3h 
and inset). Active caspase-1- and -3-positive cells could 
not be counted in ABH mice because there was such 
overwhelming positive immunostaining on axons such that it 
was difficult to decipher individual cells. In all CaspaTag-1- 
and -3-positive cells, bright pyknotic nuclei, indicative of 
apoptosis, were observed when sections were counter- 
stained with Hoechst 33342 (not shown). 

Double-immunofluorescent staining for activated 
caspase-3 and a range of cell markers showed similar 
cell-type localization from the spinal cord of Lewis rats in 
the third relapse and in ABH mouse EAE. In the Lewis rat, 
inflammatory cells including macrophages (Figure 4; a, 
b, and c) and neuronal cells (Figure 4, d and f) in the gray 
matter of the spinal cord were immunopositive for acti- 
vated caspase-3. Similarly, inflammatory cells including 
CD4 + T cells (Figure 4, g and h) were immunopositive for 
activated caspase-3, localized in both in the parenchyma 
and in inflammatory cuffs in the spinal cord of the mouse, 
with the greatest amount of positive staining during the 
relapse stage of mouse EAE. Additionally there was 
prominent activated caspase-3 staining in axons (Figure 
4; j, k, and I) and oligodendrocytes (Figure 4; m, n, and 
o), particularly during the relapse stage in the mouse. 
Control spinal cord sections from rat and mouse were 
negative (see supplemental figures). 



Presence of Fragmented DNA within Cells 
Indicating Apoptosis 

Fragmented DNA was present only during the third re- 
lapse in Lewis rat spinal cords localized within inflamma- 
tory (Figure 5a) and neuronal (Figure 5b) cells. However, 
many more inflammatory (Figure 5, c and e) and neuronal 
(Figure 5, d and e) cells with fragmented DNA were 
localized in the mouse spinal cord with the highest num- 
ber present during the relapse stage of mouse EAE. 
Sections from the spinal cord of control mice (Figure 5g) 
showed rare weakly positive cells whereas control rat 
samples were totally negative (Figure 5h). 

Changes in Caspase-1 and -3 Protein in Lewis 
Rat and ABH Mouse 

Immunohistochemtcal changes were reflected in Western 
blots of spinal cord samples during the different stages of 
EAE in the two models. Caspase-1 protein was induced 
during acute EAE in Lewis rats (Figure 6a) and increased 



Figure 5- a, c, e, f, and h: White matter sections, b, d, and f: Gray matter 
section, a, b, and h: Lewis rat spina i cord, c— g: ABH mice, a, c, and e show 
fragmented DNA in inflammatory cells in white matter and b, d, and f show 
neuronal cells in gray matter from the spinal cords of third relapse Lewis rat 
and acute and relapse ABH mice, respectively, g and h: Negative control for 
DNA fragmentation in the spinal cord of normal animals. Original magnifi- 
cations, X1500. 

further after the relapses peaking during the second relapse 
and finally decreasing during the third relapse. However, 
the greatest amount of caspase-3 together with 12-kd 
cleaved active caspase-3 protein was found during the 
third relapse in Lewis rats compared with any other stage of 
disease (Figure 6a). Caspase-1 and caspase-3 proteins 
were undetectable in control Lewis rat spinal cords and 
peptide blocking eliminated staining in the test samples. 

In contrast to the Lewis rat model, some caspase-1 
and -3 protein was detected even in normal control ABH 
mouse spinal cord (Figure 6b). However, the greatest 
amount of caspase-1 protein was found during acute 
EAE whereas that of caspase-3 protein and the 20- and 
12-kd active caspase fragments was found during the 
first relapse (Figure 6b). 



Discussion 

In this study, we have shown that caspase-1 protein and 
activity were induced in inflammatory cells during the 
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Figure 6. a: Western Blot of caspase-1 and -3 protein expression during the relapses in Lewis rat EAE and a corresponding graph to show the relative amounts 
of protein in each band determined by gel analysis using Scionlmage 4.0.2 (Scion Corporation, MD). b: Western blot in ABH mice and a graph to show the relative 
amounts of protein in each band. Actin blots of the same gels are shown for control of protein loading. 
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initial acute episodes of EAE in both the Lewis rat (mainly 
inflammatory) and ABH mouse (mainly degenerative) 
models. By the third relapse in the Lewis rat, neuronal 
cells in the spinal cord were positive for caspase-1 
whereas even during the acute phase in the ABH mouse, 
immunostained neurons were detectable that increased 
during relapses. In agreement with this the greatest 
amount of caspase activity was observed during the 
inflammatory stages of the disease (first and second 
relapse in the Lewis rat and the acute EAE stage in the 
ABH mouse). In contrast caspase-3 protein and activity 
did not increase significantly until the third relapse in the 
Lewis rat with immunostaining initially restricted to mac- 
rophages and T cells in inflammatory cuffs and extending 
to neuronal cells at later stages. However, in the ABH 
mouse, caspase-3 expression and activity was already 
high in acute EAE and during the first relapse, predomi- 
nantly localized to axons and neuronal cells but also in 
oligodendrocytes. 

These results are in conformity with the idea that 
caspase-1 has dual biological roles in that it can partic- 
ipate in the cellular induction of apoptosis as well as the 
processing of pro-IL-1/3 to the active form. 17,24 In our 
experiments, it is suggested that in the inflammatory 
model, caspase-1 may primarily function as a processor 
of pro-IL-1)3 because there was no evidence from our 
earlier study using electron microscopic criteria 2 of cel- 
lular or axonal death during first and second relapse. It 
has been reported that during maximum EAE severity in 
the mouse, expression of caspase-1 mRNA mirrors that 
of proinflammatory cytokines such as IL-1j3, IL-6, tumor 
necrosis factor-a, and interferon-7. 15 In the same study, a 
reduction of the incidence and severity of EAE was ob- 
served both in caspase-1 -deficient mice ( _/ ~) and with 
pharmacological blockers, suggesting a key involvement 
of the enzyme in the development of EAE. 15 However, the 
observation of caspase-1 -positive astrocytes in second 
and third relapse of Lewis rats suggests that these cells 
undergo apoptosis during this stage of the disease. Fur- 
thermore, caspase-1 -positive neurons in the spinal cord 
of third relapse animals in the Lewis rat and immediately 
after disease induction in the ABH mouse suggests that 
caspase-1 can contribute to apoptotic cell death by 
blocking DNA repair mechanisms. 16 

The localization of caspase-3 in axons and neurons 
with increased enzyme activity in the third IL-12-induced 
relapse of EAE in the Lewis rat correlates with the limited 
axonal loss observed in our earlier study, 2 implicating a 
caspase-3-mediated mechanism. This is strengthened 
further by observations in the ABH mouse in which the 
highest amount of active caspase-3 was found in the 
spinal cord of relapse animals with immunostaining pre- 
dominantly localized to axons and neurons but also in 
oligodendrocytes. This correlates well with a previous 
study in which axonal loss together with demyelination 
was found to be prominent during the first relapse com- 
pared to acute EAE. 3 Caspase-3 has been shown to be 
the major executioner caspase involved in neuronal apo- 
ptosis and in vitro when microglia are activated. 17,19,20 
Procaspases are also found within axons and caspase-3 
can be activated within the axon itself or transported from 



the neuronal cell body. 25,26 Activation of caspase-3 can 
occur by the release from mitochondria of cytochrome c 
causing hydrolysis of key structural and housekeeping 
genes which leads to DNA fragmentation and apopto- 
sis. 8,13,14 The degenerative changes in axons through 
activation of caspase-3 can therefore be attributed to the 
cytochrome c release with consequent dysfunction of 
mitochondria that are distributed along axons as well as 
in the neuronal soma. 27,28 Although demyelination is pre- 
dominantly executed by inflammatory macrophages, the 
detection of active caspase-3 oligodendrocytes in the 
ABH mouse suggests additional mechanisms of myelin 
breakdown. 

The fundamental difference between the two models is 
that in EAE in the ABH mouse, extensive axonal pathol- 
ogy and demyelination are observed whereas myelin 
basic protein-induced EAE in Lewis rats is predominantly 
inflammatory. Even after three relapses of EAE induced 
by IL-12, only limited axonal death could be observed in 
the Lewis rat model. 2 ABH mice however, may be partic- 
ularly susceptible to EAE because both caspase-1 and 
caspase-3 protein and immunostaining are already de- 
tected in control animals. This may represent a primed 
response system or enhanced gene transcription of 
these cell death proteins in the ABH mice such that in the 
early stages of EAE, abundant caspase-1 and -3 protein 
can be synthesized. Furthermore, the axonal localization 
of caspases in the ABH mouse during EAE reinforces the 
disease susceptibility in this strain, in which the production 
of caspases was many fold higher than in the Lewis rat. 

In conclusion, the current study suggests that 
caspase-1 and caspase-3 can mediate axonal damage 
and cell death in EAE, especially in degenerative CREAE 
in the ABH mouse where axons are particularly suscep- 
tible. Caspase-3, being a downstream executioner of 
neuronal cell death could be an important target for spe- 
cific caspase-3 inhibitors, reducing axonal damage and 
degeneration in multiple sclerosis and in EAE and is 
being investigated further. 
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Caspase-1 Regulates the Inflammatory Process Leading to 
Autoimmune Demyelination 1 



Roberto Furlan,* Gianvito Martino, 2 * T Francesca Galbiati,* Pietro L. Poliani,* 

Simona Smiroldo,* Alessendra Bergami,* Gaetano Desina,* § Giancarlo Comi,* Richard Flavell, 11 

Michael S. Su," and Luciano Adorini* 

T cell-mediated inflammation is considered to play a key rote in the pathogenic mechanisms sustaining multiple sclerosis (MS). 
Caspase-1, formerly designated LL-l/3-con verting enzyme, is crucially involved in immune-mediated inflammation because of its 
pivotal role in regulating the cellular export of IL-10 and IL-18. We studied the role of caspase-1 in experimental autoimmune 
encephalomyelitis (EAE), the animal model for MS. Caspase-1 is transcriptionally induced during EAE, and its levels correlate 
with the clinical course and transcription rate of proinflammatory cytokines such as TNF-a, IL-10, IFN-y, and IL-6. A reduction 
of EAE incidence and severity is observed in caspase-1 -deficient mice, depending on the immunogenicity and on the amount of the 
encephalitogenic myelin oligodendrocyte glycoprotein (MOG) peptide used. In caspase-1 -deficient mice, reduced EAE incidence 
correlates with defective development of anti-MOG IFN-y-producing Thl cells. Finally, pharmacological blockade of caspase-1 in 
Biozzi AB/H mice, immunized with spinal cord homogenate or MOG 3S _ 5S peptide, by the caspase-1 -inhibitor 2-Val-Ala-DL-Asp- 
fluoromethylketone, significantly reduces EAE incidence in a preventive but not in a therapeutic protocol. These results indicate 
that caspase-1 plays an important role in the early stage of the immune-mediated inflammatory process leading to EAE, thus 
representing a possible therapeutic target in the acute phase of relapsing remitting MS. The Journal of Immunology, 1999, 163: 
2403-2409. 



The caspase family comprises thus far 13 different cysteine 
proteases that are mainly involved in the apoptotic path- 
way (1). Among them, caspase-1, formerly named IL- 1 )3- 
converting enzyme, which is activated by caspase-1 1 -mediated 
proteolytic cleavage (2), is less involved in the apoptotic cascade 
but is prominent in inflammation because of its pivotal role in 
regulating the cellular export of proinflammatory cytokines such as 
IL-1/3. Caspase-1 is elevated in intestinal macrophages during in- 
flammatory bowel disease (3) and in a variety of organs, including 
the brain, in response to bacterial LPS administration (4). Further 
evidence on the role played by caspase-1 in inflammation comes 
from studies on caspase-1 -deficient (— /— ) mice and caspase-1 
pharmacological inhibitors. Caspase- mice display an alter- 
ation in the export of several proinflammatory cytokines, namely 
IL-10, IL-la, IL-6, and TNF-a, although neither IL-la nor IL-6 
nor TNF-a are substrates for caspase-1 (5). Furthermore, 
caspase-1 proteolytically activates IL-18, and caspase- 1 _/ ~ mice 
have also reduced serum levels of IL-18 and IFN-y in response to 
LPS administration (6). Caspase- 1 _/ ~ mice are resistant to LPS- 
induced endo toxic shock (7) and to the induction of experimental 
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pancreatitis (8). In vivo pharmacological inhibition of caspase-1 
protects mice from TNF-ar-induced liver failure (9) and collagen- 
induced arthritis (10). 

MS 3 is an immune-mediated demyelinating disease of the CNS 
of unknown etiology (11). The pathological hallmark of the dis- 
ease is the presence within the CNS of inflammatory infiltrates 
containing few autoreactive T cells and many pathogenic nonspe- 
cific mononuclear cells (12). It is currently believed that Ag-spe- 
cific T cells provide the organ specificity of the pathogenic process 
and regulate the recirculation within the CNS of activated mono- 
nuclear cells releasing inflammatory myelinotoxic substances. 
These latter cells can be activated in the periphery by polyclonal 
inflammatory stimuli, thus determining disease recurrence (12, 
13). Proinflammatory cytokines participate either in Ag-specific T 
cell activation or in peripheral activation of nonspecific mononu- 
clear cells. TNF-a, IFN-7, and IL-6 levels increase before disease 
relapses (13, 14). An increased number of disease relapses was 
observed in MS patients treated with IFN-y (15). Moreover, 
TNF-a, IFN-y, and IL-1/3 are present in demyelinating plaques 
(16), and IL- 1)3 has been shown to be a mediator of the inflam- 
matory process sustaining EAE, the animal model for MS (17), 

We evaluated the role of caspase-1 in EAE. We found that 
caspase-1 mRNA blood levels parallel those of proinflammatory 
cytokines, such as IL-1/3, IL-6, TNF-a, and IFN-y, during EAE 
and peak at the time of maximal EAE severity. A reduction of EAE 
incidence and severity was observed in caspase-1 ~ /_ mice de- 
pending on the immunogenicity and on the amount of the enceph- 
alitogenic MOG peptide used. Finally, pharmacological blockade 
of caspase- 1 reduced the incidence of EAE, induced either with 
SCH or MOG 35 _ 55 peptide, in a preventive but not therapeutic 



3 Abbreviations used in this paper: MS, multiple sclerosis; EAE, experimental auto- 
immune encephalomyelitis; MOG, myelin oligodendrocyte glycoprotein; SCH, spinal 
cord homogenate; AU, arbitrary units; p.i., post immunization. 
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protocol. These results indicate that caspase-1 plays an important 
role in the immune-mediated pathogenic events leading to EAE 
and might represent a suitable therapeutic target of the active phase 
of the immune-mediated inflammatory demyelination. 

Materials and Methods 

Mice and immunizations 

Female Biozzi AB/H mice, 4-6 wk old, were purchased from Harlan U.K. 
(Blackthorn, U.K.). Female C57BL/6 mice, 4-6 wk old were obtained by 
Charles River (Calco, Italy). Female (SV129 X C57BL/6)F, mice, here- 
after designated (SV129 X B6)F,, 4-6 wk old, were obtained by The 
Jackson Laboratory (Bar Harbor, ME). Caspase-1 ~'~ mice had been ob- 
tained as previously described (5). Briefly, chimeric mice were obtained by 
injection of embryonic stem cells, in which the caspase-1 gene was dis- 
rupted and replaced with a neomycin resistance gene cassette, into 
C57BL/6 blastocysts. The chimeric males were then mated with CB57BL/6 
mice. Homozygous mice with two copies of the disrupted caspase- 1 gene 
were identified by Southern blot of genomic DNA, and the absence of 
caspase- 1 mRNA in caspase- 1 -/ ~ mice was confirmed by RT-PCR anal- 
ysis. Homozygous mice were then interbred and used for the experiments. 

All animals were housed in specific pathogen-free conditions and 
treated according to the guidelines of the Animal Ethical Committee of our 
Institute. Mice were immunized with I FA (Difco, Detroit, MI) supple- 
mented with 4 mg/ml Mycobacterium tuberculosis (strain H37Ra; Difco) 
and MOG 35 _ 55 (Multiple Peptide Systems, San Diego, CA), MOG 40 _ 55 
(Roche Milano Ricerche, Milan, Italy), or SCH from Biozzi AB/H mice. 
Two immunization schedules were used for peptides: a single injection of 
200 fig or two injections of 300 jxg peptide 7 days apart For SCH immu- 
nization, 1 mg of Ag was given twice, at days 0 and 7. All injections were 
followed by i.p. administration of 500 ng pertussis toxin (Sigma, St. Louis, 
MI) the same day and 48 h later. Body weight and clinical score 
(0 = healthy, 1 = flaccid tail, 2 = ataxia and/or paresis of hind limbs, 3 - 
paralysis of hind limbs and/or paresis of forelimbs, 4 = tetraparalysis, 5 = 
moribund or death) were recorded daily. 

Miniosmotic pumps 

Miniosmotic pumps (Alzet 2001 , Alza, Palo Alto, CA) were implanted s.c. 
in the dorsal flank of mice. The mean fill volume of pumps was —220 \x\, 
and the mean pumping rate was ~1 jxl/h, delivering continuously for ~ 10 
days. Pumps were filled with 50 mg/ml of the caspase-1 inhibitor 2-Val- 
Ala-DL-Asp-fluoromethylketone (Bachem, Bubendorf, Switzerland) ob- 
taining a delivery of 1.2 mg/day. Pumps were implanted 1 day before 
immunization (preventive protocol) or 1 week after (therapeutic protocol). 
Dosage of Z-Val-AIa-DL-Asp-fluoromethylketone has been deducted from 
previous reports showing that in vivo administration of 25-50 mg/kg of 
specific caspase-1 inhibitors (i.e., Z-Val-Ala-DL-Asp-fluoromethylketone, 
VE 13.045) completely inhibits caspase-1 enzymatic activity for several 
days (18, 19). 

Semiquantitative RT-PCR for cytokines 

Blood samples were obtained from mice by tail bleeding every week. RNA 
was recovered from these samples in guanidinium thiocyanate by acid 
phenol extraction. A T-primed first strand kit was used for the reverse 
transcription of total RNA into cDNA (Ready-to-go kit, Pharmacia, Upp- 
sala, Sweden). PCR amplification (30 cycles: 1 min 95°C, 1 min 55°C, 1 
min 72°C) of cDNA sequences specific for caspase- 1 and cytokines was 
performed using 20 pmol of each primer, 200 mM concentrations of each 
dNTP, 25 mM KC1, 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl 2 , and 2.5 U 
Taq polymerase. Amplified PCR products were hybridized with the spe- 
cific 32 P-labeled oligonucleotide probe (caspase-1 and cytokines) or 32 P- 
labeled probe obtained from a plasmid containing the mouse GAPDH 
cDNA, followed by analysis on a Phosphorlmager (Molecular Dynamics, 
Sunnyvale, CA; Image Quant Software, version 3.3). Values were normal- 
ized against the GAPDH gene. For interanimal comparisons, the normal- 
ized intensities were further corrected with the use of the normalized in- 
tensities of the bands resulting from RT-PCR amplification of a cDNA 
derived from mouse LPS-activated splenocytes (positive control). The follow- 
ing primers and probes were used: caspase-1 (product: 343 bp), antisense 
5 ' -GTGTTG A AG AGC AG A A AGC A-3 ' , sense 5'GAGATGGTGAAA 
GAGGTGAA-3', probe 5 '-TGA AAGACA AGCCCAAGG TG-3'; IL-1)3 
(product: 563 bp), antisense 5 '-CAGGACAGGTATAGATTCTTTCCTTT- 
3', sense 5 '-ATGGCA ACTGTTCCTGA ACTCA ACT-3 ' , probe 5'- 
AGCTTTCAGCTCATATGGGTCCGACAGCAC-3 ' ; IL-6 (product: 634 
bp), antisense 5 ' -CACTAGGTTTGCCGAGTAG ATCTC-3 ' , sense 5'- 
ATGA AGTTCCTCTCTGC A AG AG ACT-3 ' , probe 5'-CTCCAGAAGAC 



CAG AGGA AATTTCA ATAG-3 ' ; TNF-a (product: 373 bp), antisense 5'- 
GTATGAG ATAGCA A ATGCGCTGACGGTGTGGG-3 ' , sense 5'-TTCTC 
TCTACTG A ACTTCGGGGTG ATCGGTCC-3 ' , probe 5'-GCCGTTGGC 
C AGG AGGGCGTTGGCGCGCTG-3 ' ; IFN-y (product: 450 bp), antisense 
5 '-ACACTGCATCTTGGCiTTGC-3 ' , sense 5'-CGACTCXnTTTCCGCT 
TCCT-3', probe 5 '-TTCTTCAGCA ACAGCAAGGC-3' ; GAPDH (product: 
710 bp), antisense 5 '-CGCATCTTCTTGTGCAGTG-3 ' ; sense 5'-GT 
TCAGCTCTGGGATGAC-3'. RT-PCR results were expressed as fold induc- 
tion of AU from basal levels. 

Ag-specific proliferation assays 

For T cell proliferation assays, draining lymph nodes were removed, and 
4 X 1 0 s lymph node cells per well were cultured in 96-well culture plates 
(Costar, Cambridge, MA) in synthetic HL-1 medium (Ventrex Laborato- 
ries, Portland, ME) supplemented with 2 mM L-glutamine and 50 jug/ml 
gentamicin (Sigma, St. Louis, MO) and serial concentrations (1, 3, 10 jiM) 
of MOG^^s peptide. Cultures were incubated for 3 days in 5% C0 2 in air 
and pulsed 8 h before harvesting with 1 fiCi [ 3 H]TdR (40 Ci/nmol, Phar- 
macia Biotech, Amersham, Cologno Monzese, Italy). Incorporation of 
[ 3 H]TdR was measured by liquid scintillation spectrometry. 

Intracytoplasmatic staining for cytokine production 

Lymph node cells (6 X 10 5 cells/well) were cultured in 96-well culture 
plates in synthetic HL-1 medium with 10 yM MOG^^. After 72 h of 
culture cells were harvested, washed, and recultured for additional 72 h in 
RPMI 1640 supplemented with 2 mM L-glutamine, 50 /xg/ml gentamicin, 
50 uM 2-ME (Fluka Chemical, Ronkonkoma, NY), and 10%,FCS (Sigma). 
After culture, living cells separated on a Ficoll gradient were restimulated 
with PMA (1 /Ltg/ml) and ionomycin (50 ng/ml) for 4 h at 37 °C, with 10 
jig/ml brefeldin A (Novartis, Basel, Switzerland) added for the last 2 h to 
prevent egress of newly synthesized proteins from the endoplasmic retic- 
ulum. After fixation with 4% paraformaldehyde for 20 min at room tem- 
perature, cells were stained for IFN-y and IL-4 using the method of Open- 
shaw et al. (20) and Galbiati et al. (21). Cells were washed, preincubated 
for 10 min with PBS/FCS/saponin, and then incubated with FtTC rat anti- 
mouse IFN-y (XMG1.2, PharMingen, San Diego, CA) and PE rat anti- 
mouse IL-4 (1 1B1 1, PharMingen) or with isotype controls FITC- and PE- 
labeled rat IgG 1 , k (R3-34, PharMingen). After 30 min, cells were washed 
twice with PBS/FCS/saponin and then with PBS containing 5% of FCS 
without saponin to allow membrane closure. Cell membranes were then 
stained with Cy-Chrome- labeled anti-CD4 (L3T4, PharMingen) for 1 5 min 
at room temperature. Analysis was performed with a FACScan flow cy- 
tometer (Becton Dickinson, Mountain View, CA) equipped with CellQuest 
software, and 50,000 events were acquired. 

ELISA for IFN-y secretion 

IFN-y was quantified by two-sites sandwich ELISA using polyvinyl mi- 
croliter plates (Falcon 3012) coated with AN- 18. 17.24 mAb in carbonate 
buffer as previously described (21). Samples (50 /il/well) diluted in test 
solution (PBS containing 5% FCS and 1 g/1 phenol) were incubated to- 
gether with 50 /il peroxidase-conjugated XMG1.2 mAb. After overnight 
incubation at room temperature, bound peroxidase was detected by 
3,3\5,5'-tetramethyibenzidine (Fluka Chemical), and adsorbance was read 
at 450 nm with an automated microplate ELISA reader (MR5000, Dyna- 
tech Laboratories, Chantilly, VA). IFN-y was quantified from two to three 
titration points using standard curves generated by purified recombinant 
mouse IFN-y, and results were expressed as cytokine concentration in 
ng/ml. Detection limit was 15 pg/ml. 

Neuropathological features in EAE mice 

At the time of sacrifice, mice were transcardially perfused with 4% para- 
formaldehyde. Brains and spinal cords were removed and postfixed in the 
same fixative for 2-4 h, washed in PBS, and then embedded in paraffin. 
Tissue sections were cut at 4 jum on a microtome and stained for histo- 
logical examination. Hematoxylin and eosin staining was used to reveal 
perivascular inflammatory infiltrates, Luxol Fast Blue staining was used to 
reveal demyelinated areas, and Bielshowsky staining was used to detect 
axonal loss. Macrophages were stained using peroxidase- labeled BS-I 
isolectin B4 (Sigma), whereas T cells using a rat anti-CD3 Ab (pan-T cell 
marker; Serotec Ltd, Oxoford, U.K.) revealed using a biotin-Iabeled sec- 
ondary anti-rat Ab (Amersham). Neuropathological findings were quanti- 
fied on an average of 1 0 complete cross-sections of spinal cord per mouse. 
The number of perivascular inflammatory infiltrates was calculated and 
expressed as the numbers of inflammatory infiltrates per mm 2 , whereas 
demyelinated areas and axonal loss were expressed as the percentage of 
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FIGURE 1, Caspase-1 and proinflammatory cytokine mRNAs are up- 
regulated during the course of EAE in blood from C57BL/6 mice immu- 
nized with 200 /ig of MOG40.55. A, Caspase-1 mRNA levels. B, mRNA 
levels of IL-10 (□), IL-6 ff), IFN-y (■), and TNF-a P) from the same 
mice. mRNA levels were measured by a semiquantitative RT-PCR on 
blood samples obtained from the tail vein of mice once a week. mRNA 
levels have been normalized against GAPDH mRNA levels and expressed 
as fold induction (AU increase over basal level recorded 7 days p.i.). Blood 
samples were obtained every week after immunization as indicated on 
jc-axis. C, Clinical course of EAE in blood donors (n = 12 mice). Each 
circle represents the mean EAE score registered. Bars represent the SE. 
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FIGURE 2. Clinical course of EAE in MOG peptide- immunized 
(SV129 X B6)F„ caspase-l _/ ~, and C57BU6 mice. In caspase-1 ~'~ mice, 
the EAE course and severity varies depending on the amount and length of 
the MOG peptide used. A, EAE immunization protocol with 200 jxg 
M OG 35 _ 55 in (SV129 X B6)F„ C57BIV6, and caspase-l - ' - mice. 
Caspase-1 -/- mice are susceptible to EAE induction but develop a less 
severe disease than control mice. B, EAE immunization protocol with 200 
or 600 jxg MOG^s in C57BL/6 (■ = 200 /tg MOG^^) and caspase- 
\~'~ mice (O = 200 /xg MOG^.^; • = 600 pig MOG^.^). Immuni- 
zation of caspase-1 -/- mice with the low amount (200 fig) of the shorter 
peptide (MOG^.^) does not lead to EAE development. Irrespective of the 
dose of MOG4o_ 55 used, C57BL/6 mice always show a more severe EAE 
than do caspase-1 _/ ~ mice. 



damaged area per mm 2 (22). T cells and macrophages were counted and 
expressed as the number of cells per mm 2 . 

Statistical analysis 

Data are expressed as mean ± SE. Student's / test for unpaired data was 
used to compare cytokine and caspase-1 mRNA levels and the cytokine 
protein levels. EAE cumulative score was calculated by summing up each 
individual score registered in any group of mice studied during the fol- 
low-up period levels. Comparison between cumulative scores was per- 
formed using Student's t test. A x 2, test was used to compare EAE inci- 
dence in the different groups of mice, p < 0.05 was considered significant. 

Results 

Caspase-1 mRNA is up-regulated in the course of EAE 

C57BL/6 mice immunized with MOG^.^ were bled once a week 
for 5 weeks after immunization. RT-PCR was performed on blood 
samples to determine caspase-1, IL-1/3, IL-6, TNF-a, and IFN-y 
mRNA levels. Caspase-1 mRNA levels increased almost 8-fold 
(Fig. I A) during EAE from basal levels recorded at day 7 p.i. This 
increase paralleled disease severity, peaking 4 wk p.i. (day 27 p.i., 
52.9 ± 16.8 AU; p = 0.01 vs day 7 p.i.) (Fig. \A) when EAE 
clinical score reached its maximum (Fig. 1Q. Caspase-1 mRNA 
level increase paralleled that of the caspase-1 substrate IL-1/3, 
which showed a 2-fold increase (day 27 p.i., 3.3 ± 0.9 AU; p = 
0.03 vs day 7 p.i.) (Fig. lfl); IL-6 mRNA increased almost 8-fold 
(day 27 p.i., 15.4 ± 7.6 AU; p = 0.04) (Fig. \B); TNF-a mRNA 
increased almost 3-fold (day 27 p.i., 12.2 ± 5.4; p = n.s. vs day 
7 p.i.) (Fig. \B\ and IFN-7 mRNA 4-fold (day 27 p.i., 1.6 ± 0.5 
AU; p - 0.02 vs day 7 p.i.) (Fig. \B). These data indicate that 



caspase-1 is up-regulated at the transcriptional level during the- 
course of EAE and that this up-regulation parallels that of proin- 
flammatory cytokines such as IL-1/3, IFN-7, TNF-a, and IL-6. 

Caspase-1 _/ ~ mice are less susceptible to EAE induction 

To further explore the role of caspase-1 in EAE, we studied the 
susceptibility of caspase-1 ~ /_ mice to MOG peptide-induced 
EAE. We first analyzed EAE susceptibility of (SV129 X B6)F, 
and C57BL/6 mice, which have a genetic background comparable 
with that of the caspase-1 _/ ~ mice using 200 pig of MOG 35 _ 55 . 
The two groups of mice showed similar disease courses (Fig. 2A, 
Table I) confirming results previously reported (23). 

To analyze EAE susceptibility in caspase-1 _/ ~ mice, we used 
two different amounts (200 pig once or 300 /xg twice, 7 days apart) 
of two MOG overlapping peptides (MOG 35 _ 55 and MOG^.^). 
MOG peptides were chosen because of their previously described 
difference in immunogenicity and encephalitogenicity in C57BL/6 
mice (24). Low dose immunization (200 pug) with MOG^^j 
failed to induce EAE in caspase-1 " f ~ mice (0 of 12 sick animals) 
compared with C57B176 mice (11 of 12) (p < 0.0001) (Fig. 25, 
Table I). Caspase-1 ~ /_ mice developed EAE when immunized 
with the low dose (200 fig) of MOG 35 _ 55 (Fig. 2A, Table I) or the 
high dose (600 jug) of MOG^.^ (Fig. IB, Table I); the incidence, 
however, was lower and the onset delayed compared with 
(SV129 X B6)F, or C57BL/6 mice. Therefore, caspase-l~'~ mice 
are less susceptible to MOG-induced EAE compared with 
C57BL/6 or (SV129 X B6)Fj mice. However, caspase-1 _/ ~ mice 
can develop EAE when the immunogenicity of the encephalito- 
genic peptide is increased. 



'2406 



CASPASE-1 IS CRUCIAL IN INFLAMMATORY PROCESS LEADING TO EAE 
Table I. EAE in (SV129 X B6)E 1 , C57BU6, and caspase- r'" mice 





MOG Peptide 


EAE Incidence 


EAE Onset 


Maximum EAE Score 


Mouse Strain 


(amount) 


(%) 


(range)" 


(range) 6 






4/4 


20.0 ±3.7 


1.9 ± 0.6 




(200 u,g^ 






\\ 


CS7BT Vfi 


MOO 


6/6 


19.2 ± 3.0 


1.5 ± 0.2 




(200 /ig) 


(100) 


(10-31) 


(1-2) 




MOG^s 


11/12 


17.3 ± 2.6 


2.0 ± 0.1 




(200 M g) 


(92) 


(10-30) 


(1.5-2.0) 


Caspase- 1 ~'~ 


MOG^ 


5/7 


27.8 ± 2.4 


1.8 ±0.4 




(600 figf 


(71) 


(23-34) 


(1.O-3.0) 




MOG 35 _ 55 


4/7 


27.2 ± 3.9 


1.9 ±0.1 




(200 ;tg) 


(57) 


(18-35) 


(1.5-2.0) 




MOG4o_ 55 


0/12' 


NA* 


NA 




(200 ^g) 


(0) 







" EAE onset is expressed as day post immunization ± SE. 
6 EAE score is expressed as mean maximum score ± SE. 
c MOG^.ss has been administered twice 1 wk apart (300 + 300 ug). 

d p < 0.0001 vs C57BL/6 mice immunized with 200 /ig MOG^.^, p = 0.03 and p - 0.006 vs caspase- 1 _/ ~ mice 
immunized with 200 jig MOG 3 5_ 55 or 600 /ig MOG^,^, respectively. 
e NA, not applicable. 



Inhibition of the ThJ response in caspase- J -deficient mice 

To elucidate the possible causes of reduced susceptibility of 
caspase- mice to EAE, we analyzed mice immunized with 
200 /xg of MOG^.gs peptide in which the most striking difference 
between caspase- 1^ and C57BL/6 was observed (Fig. 2B, Table 
I). Five caspase- 1 _/ ~ mice and 5 C57BL/6 mice were sacrificed 10 
days after immunization with MOG^.^, and cells from the drain- 
ing lymph nodes were obtained. Proliferation assays to MOG^.^ 
showed no impairment in the responsiveness of T cells from 
caspase- compared with C57BL/6 mice (Fig. 3A). We de- 
tected, however, decreased levels of IFN-7 secreted in the super- 
natant of MOG4o_ 55 restimulated cells (Fig. 3B) from caspase- 
compared with C57BL/6 mice (p = 0.01). Intracytoplasmic 
staining for IFN-7 and IL-4 of MOG 40 _ 55 -restimulated cells 
showed reduced IFN-y-producing cells and no induction of IL-4- 
producing cells (Fig. 3, C-E). These results suggest that cells from 
caspase- mice efficiently present the encephalitogenic peptide 
to T cells but are defective in Thl development. 



Caspase- 1 inhibitor administration prevents but does not 
treat EAE 

Pharmacological blockade of EAE with caspase- 1 inhibitors was 
tested in Biozzi AB/H mice immunized with SCH or MOG 35 _ 55 . In 
Biozzi mice, SCH induces a very aggressive relapsing-remitting 
EAE (25), whereas MOG 35 _ 55 induces a more chronic progressive 
disease. We administered vehicle or Z-Val-Ala-DL-Asp-fiuo- 
romethylketone, a highly specific, cell-permeable, and irreversible 
inhibitor of caspase- 1-1 ike proteases (26) to Biozzi mice before 
immunization with SCH or MOG 35 _ 55 . Because this caspase- 1 in- 
hibitor is a peptide with a very short half-life in vivo, we implanted 
s.c. mini-osmotic pumps able to continuously release the inhibitor 
for 10 days. Continuous administration of the caspase- 1 inhibitor 
induced a clearcut suppression of either SCH-induced or MOG 35 _ 
55-induced EAE compared with vehicle-treated mice (Table II). 
The cumulative EAE score, representing the disease burden, was 
significantly lower in caspase- 1 inhibitor-treated mice than in 
vehicle-treated mice in both immunization protocols (Table II). 



FIGURE 3. Reduced Thl cell development in 
caspase- mice immunized with 200 fig of 
MOG^^. A, Proliferation of draining lymph 
nodes cells from caspase- 1 _/ ~ (O) and C57BL/6 
( ) mice restimulated in vitro with the indicated 
concentrations of MOG^.^. The background cpm 
values were subtracted (A cpm). B, IFN-y levels 
(±SE) in supernatants from cell cultures from 
caspase- 1~'~ (O) and C57BL/6 (•) in response to 
the indicated concentrations of MOG^^. C, In- 
tracellular staining for IFN-7 and IL-4 of MOG^. 
55-stimulated cells from a representative C57BL/6 
mouse. D, Intracellular staining for IFN-7 and IL-4 
of MOG^^-stimulated cells from a representa- 
tive caspase- 1 _/ " mouse. In C and D, the percent- 
age of IFN-7-producing cells are reported in the 
lower right corner. In £, the percentage of IFN-y- 
producing cells from MOG^.^-irnmunized 
C57BIV6 ( ) and caspase- 1 ~'~ (O) mice. Each cir- 
cle represents a single mouse, and mean values are 
indicated by the horizontal bars. Caspase 1 mice 



display a significant (p ■■ 
production. 



0.01) reduction of IFN-y 




MOG40-55 (|iM) 




10 2 10 3 




IFNy 
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Table II. EAE in Biozzi AB/H mice immunized with SCH or M0G 35 _ 55 and treated with vehicle or the 
caspase-1 inhibitor Z-Val-Ala-DL-fluoromethylketone 





EAE Incidence 


EAE Onset 


Maximum EAE Score 


Cumulative Score 


Treatment Schedule 


(%) 


(range) 6 


(ranged 


(days of follow-up) rf 


MOG35 55 (preventive) 










Vehicle 


5/7 


22.4 ± 2,9 


2.1 ± 0.5 


89.5 




(71) 


(16-30) 


(1-4) 


(40) 


Caspase- 1 inhibitor 


2/7 


23.5 ± 5.5 


2.2 ± 1.2 


32 




(29) 




Cl-3 5) 


(40) 


SCH fDreventive'k 










Vehicle 


10/10 


14.2 ± 0.5 


3.7 ± 0.2 


282 




(100) 


(12-16) 


(1.5-5.0) 


(25) 


Caspase-1 inhibitor 


4/10" 


15.0 ±0.7 


3.6 ± 0.4 


82^ 




(40) 


(13-16) 


(2.5^.0) 


(25) 


SCH (therapeutic) 










Vehicle 


10/10 


14.5 ± 0.6 


3.8 ± 0.3 


NA* 




(100) 


(13-19) 


(1.5-5.0) 




Caspase-1 inhibitor 


9/10 


14.3 ± 0.3 


3.0 ± 0.3 


NA 




(90) 


(13-16) 


(1.5^.0) 





a Treatment was performed by implantation of mini-osmotic pumps releasing for 10 days vehicle or the caspase-1 inhibitor 
Z-Val-Ala-DL-fluoromethylketone (1.2 mg/day) from the day before immunization (preventive) or day 7 (therapeutic) after 
immunization. 

b EAE onset is expressed as day post immunization ± SE. 
c EAE score is expressed as mean maximum score ± SE. 

d Cumulative score was calculated by summing up each individual score registered during the follow-up period. 
* p = 0.003 vs vehicle-treated mice. 
f p = 0.0007 vs vehicle- treated mice. 

8 NA, not applicable because in the therapeutic administration one mouse died during the follow-up period. 



However, the mean day of onset and the mean clinical score of sick 
animals were comparable between groups (Table II). In the SCH- 
induced group, two animals for each treatment were sacrificed for 



neuropathology examination. Animals treated with the inhibitor 
had less infiltrates per mm 2 than did vehicle-treated controls (0.4 
and 1.6 vs 6.6 and 3.1, respectively) (Fig. 4, A and #), less demy- 



FIGURE 4. Neuropathological findings of SCH- 
induced EAE in two representative Biozzi mice 
treated with vehicle or caspase-l inhibitor Z-Val- 
Ala-DL-Asp-fluoromethylketone, respectively. Spi- 
nal cord sections stained with hematoxylin and eo- 
sin (X5) are shown in A and B; perivascular 
infiltrates (arrowheads) are less evident in the 
caspase-1 inhibitor-treated (A) vs vehicle-treated 
(B) mouse. Spinal cord sections stained with Luxol 
Fast Blue ( X 5) are shown in C and D; demyelinated 
areas ( arrowheads) are less prominent in the 
caspase-1 inhibitor-treated (C) vs vehicle-treated 
(D) mouse. Spinal cord sections stained with 
Bielshowsky staining (X5) are shown in E and F; 
axonal loss (arrowheads) is decreased in the 
caspase-1 inhibitor-treated mouse (£) vs the vehi- 
cle-treated (F) mouse. Tissue sections of each 
mouse are from the same spinal cord area and have 
been obtained serially. 
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elination (0.6% and 0.8% vs 9.8% and 2.2%, respectively) (Fig. 4, 
C and D\ reduced axonal loss (0.4% and 0.6% vs 8.3% and 1.5%, 
respectively) (Fig. 4, E and F), less infiltrating CD3 + cells/mm 2 
(39.9 and 90.5 vs 291 and 138.2, respectively), and reduced num- 
bers of infiltrating macrophages per mm 2 (21.8 and 52.5 vs 211.9 
and 84.9, respectively). 

By contrast, when the mini-osmotic pumps were implanted 7 
days p.i. in Biozzi mice immunized with SCH, EAE development 
was similar in inhibitor- and vehicle-treated mice (Table II). Only 
1 of the 10 mice treated with the inhibitor from 7 days p.i. did not 
develop a full-blown EAE. These results suggest that caspase- 1 is 
crucial in the induction phase of EAE, when peripheral inflamma- 
tion leads to the recruitment of effector cells into the CNS. 

Discussion 

The central role of proinflammatory cytokines in orchestrating the 
pathogenic process leading to EAE has been extensively studied 
(27-29), but few data are thus far available on the posttranslational 
mechanisms of regulation of cytokine secretion during this exper- 
imental autoimmune CNS-confined disease. We focused our at- 
tention on the proteolytic enzyme caspase- 1, because previous 
studies showed that its pharmacological inhibition or its absence 
(i.e., deletion mutant mice) mainly affects the secretion of proin- 
flammatory cytokines such as IL-1/3, IL-la, IL-6, TNF-a, IL-18, 
and IFN-y (5-7). We found that caspase- 1 transcription is up- 
regulated during mouse EAE, reaching a peak at maximal disease 
severity. This induction is higher compared with other proinflam- 
matory cytokines previously shown to be up-regulated during EAE 
(27) and is similar to that found in the Lewis rat EAE (30). These 
data suggest that proteolytic activation of proinflammatory cyto- 
kines is a crucial step in the immune-mediated process leading 
to EAE. 

Caspase- mice were susceptible to MOG peptide- induced 
EAE. Disease susceptibility was associated with the number of 
immunizations and the dose and the MHC-binding affinity of the 
encephalitogenic MOG-peptide. In our hands, MOG 40 _ 55 showed 
a 3-fold weaker binding (IC 50 = 360 pM) compared with 
MOG 35 _ 55 (IC 50 = 1 nM) to the I-A g7 molecule (data not shown). 
However, the disease induced in caspase- 1 _/ ~ mice was always 
less severe then in C57B176 or (SV129 x B6)F, mice and did not 
develop at all when a low dose of the weaker MHC binder MOG 
peptide was used. The reduced EAE in caspase- 1 -deficient mice 
was not caused by inefficient Ag presentation to T cells, as shown 
by the Ag-specific proliferation assays, but to an impairment in 
Thl cell development as indicated by the lower percentage of IFN- 
7-producing cells from caspase- 1~ ; ~ vs C57BL/6 mice. The most 
likely explanation of this finding possibly resides in the cleavage 
activity of caspase- 1 on the precursor of IL-18 into its mature form 
(6). Although IL-18 in itself does not induce Thl cell development 
(31, 32), which is mostly driven by IL-12 (33), Thl cell develop- 
ment independent from IL-12 could be induced by the cooperative 
action of IL-18 and other factors (34). These factors may include 
IFN-y itself (35) and IL-laj3 (33). Thus, the simultaneous caspase- 
1 -dependent defect in IL-18 and IL-la/3 production could explain 
the impaired Thl development and the reduced EAE in caspase- 
1~'~ mice. A more aggressive immunization protocol, however, is 
able to overcome this limiting step in EAE induction, likely be- 
cause other proteases may replace caspase- 1 in the cleavage of 
pro-IL-lj3 and pro-IL-18. 

Results obtained with caspase- 1 inhibitor administration are 
consistent with the lower susceptibility to EAE of caspase- 1 -/ " 
mice. The preventive administration of the caspase- 1 inhibitor Z- 
Val-Ala-DL-Asp-fluoromethylketone dramatically reduced both re- 



lapsing-remitting or chronic-progressive EAE in two different 
mouse strains. However, the small proportion (35%) of mice not 
protected from EAE by caspase- 1 inhibitor treatment developed a 
clinical course of EAE indistinguishable from that of controls. As 
in inflammatory fluids other proteases (i.e., trypsin, chymotrypsin, 
elastase, granzyme A) (36) can replace caspase- 1 enzymatic ac- 
tivity, an immunization protocol able to induce a potent local in- 
flammation may bypass its requirement. Nevertheless, recent data 
indicate that 2-Val-Ala-DL-Asp-fluoromethylketone is active also 
on other cysteine proteases involved in inflammatory reactions but 
not in the apoptotic cascade, such as caspases-4 and -5 (37). 

Administration of Z-Val-Ala-DL-Asp-fluoromethylketone during 
the effector phase of SCH- induced EAE (i.e., therapeutic protocol) 
had no effect on the disease course and severity. These data are 
suggestive for a crucial role played by caspase- 1 in the peripheral 
activation of proinflammatory cytokines during the induction 
phase of EAE. The lack of efficacy of caspase- 1 inhibitors once the 
inflammatory cascade has already determined CNS infiltration and 
damage might be also explained by the impaired blood-brain bar- 
rier crossing of caspase- 1 inhibitors (26). 

In conclusion, our results indicate that caspase- 1 plays a crucial 
role in the development of the immune- mediated inflammatory 
process leading to CNS demyelination. EAE development is im- 
paired in caspase- 1~ /_ mice, although the requirement for 
caspase- 1 in the inflammatory phase of EAE can be bypassed. The 
role of caspase- 1 in autoimmune demyelination is further corrob- 
orated by the significant reduction of EAE incidence in mice pre- 
ventively treated with the caspase- 1 -inhibitor Z-Val-AIa-DL-Asp- 
fluoromethylketone. However, the inefficacy of caspase- 1 
inhibitors in blocking ongoing EAE suggests that this enzyme is 
crucial in the early phase of the inflammatory process leading to 
immune-mediated demyelination. Thus, caspase- 1 could represent 
both a marker of inflammation sustaining immune-mediated de- 
myelination and a possible therapeutic target of the acute phase of 
relapsing-remitting MS. 
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Abstract 

Caspase-1 is responsible for processing inflammatory cytokines and is associated with the induction of apoptosis. Using RT-PCR, we 
found that caspase-1 mRNA transcripts from frozen brain extracts were significantly elevated in multiple sclerosis (MS) compared to 
controls. Immunohistochemical staining using a specific antiserum confirmed the marked up regulation of caspase-1 within acute and chronic 
MS plaques, while little staining was seen in control brains. In addition to the expected caspase-1 expression in microglia and infiltrating 
perivascular mononuclear cells, we found that cytoplasmic caspase-1 expression was sharply increased in the resident oligodendrocytes of 
MS lesions. The TUNEL reaction for fragmented DNA co-localized over an occasional caspase-1 -expressing cell and large numbers of 
caspase-1 -positive "corpses" were observed within phagocytic macrophages of an acute evolving MS lesion. Studies using an immortalized 
human oligodendroglial hybrid cell line exposed to cytokine challenge showed that death induction was blocked by the caspase-1 -like 
inhibitor Z-YVAD-fmk, while the caspase-3-like inhibitor Z-DEVD-frnk was less effective. Cellular levels of procaspase-1 were reduced 
compared to controls in oligodendroglia induced to die by cytokine challenge, as judged by Western immunoblotting. Our results suggest that 
caspase-1 may play a role in the inflammatory and apoptotic processes associated with MS pathogenesis. © 2002 Elsevier Science B.V. All 
rights reserved. 

Keywords: Caspase-1; Multiple sclerosis; Plaques; Oligodendrocyte; Cultures 



1. Introduction 

Multiple sclerosis (MS) is a chronic inflammatory demy- 
elinating disease and its neuropathology is characterized by 
CNS white matter plaques displaying myelin loss and 
gliosis [1,2]. Inflammatory cytokines such as tumor necrosis 
factor alpha (TNF-ot), interleukin-1 beta (IL-ip), and inter- 
feron-gamma (IFN-7) are upregulated in MS plaques [3], 
although the precise link between the inflammatory process 
and myelin sheath destruction is unclear. In previous inves- 
tigations on the fate of glial cells, we identified substantial 
numbers of apoptotic oligodendrocytes within developing 
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and mature MS lesions by the in situ TUNEL reaction [4,5]. 
We also found that glial cells in MS plaques often strongly 
express both Fas receptor and ligand on their plasma 
membrane surface, suggesting that the Fas death pathway 
may be active during MS lesion formation [6]. However, the 
precise molecules and intracellular pathways responsible for 
glial cell death in MS remain ill-defined. 

Caspase-1, previously named interleukin-1 p> converting 
enzyme (ICE), is a cysteine protease whose proteolytic ac- 
tivity makes it a key molecule in myriad cellular processes, 
including mediation of the inflammatory response through 
cleavage activation of IL-ip and IFN-7 promolecules. In 
addition, developmental studies in the nematode C. elegans 
have shown that the caspase-1 homolog CED-3 is chief 
among the genes required to induce programmed cell death 
[7-9]. We investigated caspase-1 expression in MS white 
matter lesions and tested for its activation in response to 
death induction by cytokine stimulation on immortalized 
cultures of oligodendrocytes. 
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2. Methods 

2.1. Autopsy specimens 

This study was performed on frozen and paraffin-embed- 
ded formalin-fixed MS and control brains obtained from the 
Rocky Mountain Multiple Sclerosis Center (Englewood, 
CO), the MS Human Neurospecimen Bank (West Los 
Angeles, CA), Dr. John Prineas (UMDNJ, NJ) and St. 
Vincent's Hospital (New York, NY). The frozen control spec- 
imens (n = 14) included white matter samples from chronic 
CNS measles virus infection (subacute sclerosing panence- 
phalitis, SSPE; n = 9), cerebrovascular disease (n-2), Par- 
kinson's disease (n = 2\ and amyotrophic lateral sclerosis 
(ALS). The average postmortem interval for the MS brains 
(n - 1 8) was 1 7.8 h, and five brains were obtained within 7 h 
of death. The paraffin-embedded fixed brains consisted of 
MS (/z=ll), ALS (« = 4), cerebrovascular disease, Parkin- 
son's disease, and AIDS-associated progressive multifocal 
leukoencephalopathy (PML). The disease diagnosis was 
established from patient clinical records and neuropatholog- 
ical examination. 

2.2. RT-PCR and liquid hybridization 

RNA was extracted from 500-mg fragments of frozen 
MS and control white matter by the GITC/CsCl method as 
previously described [10] A one-tube 50-uI RT-PCR reac- 
tion was performed in buffer containing 20 mM KC1, 6 mM 
MgCl 2 , 70 mM Tris-HCl (pH 8.3), 1 mM DTT, 0.1% 
gelatin, 40 U RNasin, 100 U Superscript II, and 5 U of Taq 
polymerase (Gibco, Life Technologies, Grand Island, NY). 
Total RNA (3 ug) was used as template. A 50-pmol amount 
of caspase-1 mRNA reverse primer 5' -CATGAACACCAG- 
GAACGTGCTGTC-3' (position 698-722) was used for 
reverse transcription (15 min each at 37 and 42 °C), and 
an equal amount of forward primer 5' -GG AAATTACCT- 
TAATATGCAAGAC-3' (position 303-329) was used for 
PCR (50 cycles of 95, 42, and 72 °C/60 s). RT-PCR was 
performed to measure expression of glyceraldehyde-3-phos- 
phate dehydrogenase (GAPDH) as an internal control of 
cellular mRNA levels and integrity using the reverse pri- 
mer 5' - ATAGG ATCCTC AGTGTAGCCC AGGATGC-3' 
and the forward primer 5' -ATAAAGCTTACC ATGGA- 
GAAGGCTGG-3' [11]. For detection and semiquantifica- 
tion of PCR products, oligonucleotide probes representing 
internal portions of the caspase-1 (5' -GTCGGC AGAG ATT- 
TATCCAA-3'; 430-bp product) and GAPDH (5'- 
GTGGAAGGACTCATGACCACAGTCC ATGCC-3' ; 508- 
bp product) amplicons were 5' -end-labeled with [ 32 P]-ATP 
using T4 polynucleotide kinase. A l-ul aliquot of probe 
(150,000 cpm) was mixed with 20 ul of the PCR product in 
buffer containing 0.15 M NaCl and 2.5 mM EDTA, and was 
hybridized (5 min at 98 °C and 15 min at 25 °C). The 
hybridization products were analyzed by electrophoresis on 
a 3.5% agarose gel in 0.5 X TBE buffer. The gel was dried 



with a vacuum and the radioactivity of the caspase-1 and 
GAPDH mRNA bands was quantified by digital autoradiog- 
raphy and integration using a Packard Instant Imager 
(Packard, Meriden, CT). 

2.3. Caspase-1 antigen detection by immunohistochemistry 

Three-micron paraffin-embedded sections were attached 
to Vectabond treated slides (Vector Labs, Burlingame, CA) 
by heat fixation. After dewaxing and rehydration through 
graded alcohols, sections were washed in PBS, subjected 
to antigen retrieval (95 °C for 10 min) in Target Unmask- 
ing Fluid (TUF; Zymed Laboratory, South San Francisco, 
CA), and then incubated further in hot TUF for 10 min on 
the benchtop. Sections were then reacted for 2 h at room 
temperature with a rabbit polyclonal antiserum (R105, 
1:300 dilution) that recognizes both the intact procaspase 
and the cleaved forms of human caspase-1 (kindly pro- 
vided by Dr. Douglas K. Miller, Merck Research Labo- 
ratories). Staining was done as previously described [5,6] 
using standard horseradish peroxidase-conjugated avidin- 
biotin methods (ABC kit, Vector Labs) and visualized with 
the chromogen diaminobenzidine (DAB). To identify glial- 
specific antigens in caspase-1 /DAB-stained sections, multi- 
labeling with several fluorescent stains was performed. A 
goat polyclonal antibody against CNPase (a gift from Dr. 
T.J. Sprinkle of the Medical College of Georgia) was used 
to label oligodendrocytes (diluted at 1:500 and incubated 
for 1 h) and was visualized by an FITC-conjugated donkey 
anti-goat antibody (diluted at 1:600 and incubated for 30 
min). A 1-h incubation with a mouse monoclonal antibody 
against GFAP (DAKO, Carpinteria, CA) diluted to 1:25 
was used to label astrocytes and was visualized with a 
Cy 3 -conjugated rabbit anti-mouse antibody (1:500 dilution 
for 30 min). Finally, a biotinylated Ricinus communis 
agglutinin 1 lectin (RCA-1, Vector Labs) was used for 
macrophage/microglia (1:500 for 1 h) and was visualized 
with a Cy5-conjugated mouse anti-biotin antibody (1:500 
for 30 min). All secondary antibodies were obtained from 
Jackson Laboratories (West Grove, PA). Omission of the 
primary antibody was used to control for specificity. 
Fluorescent-labeled sections were mounted in glycerol/ 
PBS. 

2.4. In situ TUNEL detection of apoptotic cells and co- 
localization with caspase-1 

Cells containing fragmented DNA were labeled with 
digoxigenin-ll-dUTP by terminal transferase (TdT) tailing, 
and subsequently detected by immunoperoxidase staining 
(Intergen ApopTag kit, Purchase, NY) [12,13]. We previ- 
ously used a modification of this method on both fixed and 
frozen MS brain, and confirmed the specificity of this assay 
by demonstrating laddering in DNA extracted from TUNEL- 
positive frozen MS brain [5]. Immunohistochemistry for 
caspase-1 using DAB chromogen detection was combined 



X. Ming et al / Journal of the Neurological Sciences 197 (2002) 9-18 



11 



with FITC-fluorescent staining for cell-specific identifica- 
tion of inflammatory and glial cells. For determining the co- 
localization of TUNEL-positive cells with caspase-1 expres- 
sion, sections were reassayed with a caspase-1 antibody (a 
gift from Dr. Douglas K. Miller; diluted at 1:300). A Cy3- 
conjugated goat anti-rabbit secondary antibody (Jackson 
Laboratories; diluted at 1:100 and incubated for 30 min) 
was used to visualize caspase-1 reactivity. The sections were 
then evaluated using a four-channel Zeiss Model 410 series 
confocal microscope. 

2.5. In vitro studies on the oligodendroglial hybrid cell line 

The M03.13 human oligodendroglial hybrid cell line (a 
kind gift of Dr. P.J. Talbot, University of Quebec, Canada) 
was maintained in Dulbecco's modified Eagle's medium 
(DMEM) supplemented with 10% fetal calf serum (FCS), 
100 U/ml penicillin, and 100 jag/ml streptomycin in a 5% 
(v/v) C0 2 incubator at 37 °C. The M03.13 oligodendro- 
cyte hybrid cell line was characterized by immunohisto- 
chemistry under the culture conditions described above. 
The cells were collected, washed in PBS, and then spun 
down using a cell preparation system, Cytospin 3 (Shan- 
don, Pittsburgh, PA) onto microscope slides. After air- 
drying, cells were fixed in 2% formalin in PBS for 10 min 
at room temperature, then treated with ethanol/acetic acid 
at - 20 °C for 5 min. The cellular endogenous peroxidase 
was blocked using 0.3% H 2 0 2 for 10 min and 10% normal 
horse serum was used to block nonspecific immunoglobin 
binding sites. A battery of glial cell markers was employed 
for the immunohistochemical staining using a previously 
published method [6]. These markers included CNPase (a 
gift from Dr. Terry Sprinkle, 1:600 dilution, incubated at 
room temperature for 1 h.), PLP (Chemicon, 1:200, at 
room temperature for 1 h.), PDGFa-R (Santa Cruz Bio- 
technology, Santa Cruz, CA, 1:150, at 4°C overnight) and 
GFAP (DAKO, 1:200, at 4 °C overnight). The MBP 
(1:500), 01 (1:25), and A2B5 (1:25) were all gifts from 
Dr. Steven Pfeiffer and were incubated at 4 °C overnight. 
The NCTC929 connective tissue cell line was used as a 
negative control. 

In the caspase-inhibitor blocking experiments, M03.13 
cells were preincubated with either a caspase-1 -like inhibitor 
(Z-YVAD-fmk; Enzyme Systems, Livermore, CA) or a 
caspase-3-like inhibitor (Z-DEVD-fmk; Enzyme Systems) 
for 3 h at a dose range of 0-500 uM, and then challenged 
with TNF-a/IL-lp (100 and 10 ng/ml) combined with 
cycloheximide (5 ug/ml). Each determination was made in 
duplicate. Challenged cells were harvested after 24 or 48 h 
and assayed for Annexin V staining following the manu- 
facturer's protocol (Vybrant™ Apoptosis Assay Kit #1, 
Molecular Probes, Eugene, OR). The apoptotic and viable 
cells were then quantified by flow cytometry (FACSCalibur, 
Becton-Dickinson, San Jose, CA). A comparison was made 
between numbers of apoptotic cells in cytokine-challenged 
groups and those of controls. Data were analyzed using 



Histogram Statistics by LYSYS II software (Becton-Dick- 
inson) gated for 10,000 events. The experiment was repli- 
cated six times and a one-way ANOVA was used for 
statistical analysis. 

For the lower molecular weight DNA analysis, DNA 
was extracted from cultured cells with 10 mM Tris-HCl 
(pH 8.0), 0.5% SDS, 0.1 M NaCl, and 5 mM EDTA 
containing 100 ug/ml of proteinase K (Sigma) for 2 h at 
37 °C. Sodium chloride was added to a final concen- 
tration of 1 M, and samples were incubated overnight at 
4 °C. Then the samples were centrifuged for 15 min and 
the supernatant was ethanol-precipitated after phenol - 
chloroform extraction. In order to enhance the detection 
system, we used a radiolabeling method that is capable of 
detecting very low levels of apoptotic DNA. A 1-ug 
sample of DNA was labeled with 0.5 uCi of [ 32 P]-labeled 
dATP in the presence of 10 mM Tris-HCl (pH 7.5), 5 
mM MgCl 2 , and 5 U of Klenow polymerase (Gibco). The 
mixture was incubated for 10 min at room temperature 
and then the reaction was terminated by adding EDTA to 
a final concentration of 10 mM. Unincorporated nucleo- 
tides were removed by a Microcon centrifugal filter device 
(Amicon Bioseparations, Millipore, Bedford, MA). Identi- 
cal amounts of control and test DNA were electrophor- 
esed on 1.5% agarose gels. The gels were then dried on 
DEAE cellulose filters and developed by autoradiogra- 
phy. 

2.6. Western blotting 

Cultures were lysed in radio-immuno-protein assay 
(RIPA) buffer containing 150 mM NaCl, 1% NP-40, 0.5% 
deoxycholate, 0.1% SDS, 50 mM Tris (pH 8.0), and protei- 
nase inhibitors (2 mg/ml aprotinin, 1 mg/ml leupeptin, and 
25 ug/ml phenylmethylsufonyl fluoride) at 0 °C for 30 min. 
The cell lysates were then incubated in 1 ul of PMSF on ice 
for another 30 min and centrifuged at 4 °C for 10 min. The 
protein concentration in the supernatant was determined by 
the Bio-Rad assay using BSA as the standard. A 50-jag 
sample of protein from cell lysates was run on a 10-20% 
Tris -glycine gel and transferred to a nitrocellulose mem- 
brane (Invitrogen/Novex Electrophoresis, Carlsbad, CA). 
The membrane was blocked for nonspecific binding in 5% 
milk at 4 °C overnight and washed in 1 X T-TBS (Tris- 
buffered saline and 0.1% Tween 20). The membranes were 
incubated for 1 h with a caspase-1 p20 polyclonal rabbit 
antibody at a 1:300 dilution (Santa Cruz Biotechnology, Cat 
#sc-1780). They were then rinsed three times with T-TBS 
and incubated with an HRP-conjugated donkey anti-rabbit 
secondary antibody (Amersham, Arlington Heights, IL) 
diluted 1:3000 for 1 h at room temperature. Immunoreactive 
bands were visualized by chemiluminescence using the 
ECL-kit (Amersham) and then exposed to Hyperfilm (Amer- 
sham). An antiserum to (i-actin (Santa Cruz Biotechnology) 
was also tested on blots as a control for equal loading of 
lanes. 
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3. Results 

3.7. Caspase-1 mRNA upregulation in MS white matter 

To measure caspase-1 gene expression in white matter, 
RNA was extracted from the white matter of 18 MS and 14 
control frozen brains and subjected to an RT-PCR assay 
that targeted a 420-bp segment of the caspase-1 mRNA. 
The PCR products were solution-hybridized with a radio- 
labeled oligonucleotide corresponding to an internal 
sequence of the amplimer and electrophoresed on agarose 
gels. Fig. 1 A shows an autoradiograph of this gel. Caspase- 
1 mRNA was present in all the MS brains tested, and the 
bands generated from MS RNA were usually more intense 
than those amplified from controls. To quantify the amount 
of caspase-1 transcript in these samples, caspase-1 ampli- 
con radioactivity was normalized to that of GAPDH in each 
extract, as is shown in the bottom panel of Fig. 1A. A 
graph of the normalized caspase-1 PCR product (Fig. IB) 
shows significantly more caspase-1 mRNA expression in 
the MS group than in the control (/?<0.03), and the 
average caspase-1 transcript expression in controls was half 
of that in MS white matter. It is important to note that the 
controls included white matter from nine SSPE brains 
(open circles) that were known from a previous study to 
contain large numbers of inflammatory T-cells and acti- 
vated macrophage/microglia [10]. While the SSPE samples 
might be expected to overexpress caspase-1, the mean 
mRNA expression in these brains was still lower than in 
many MS brains. 

3.2. Caspase-1 protein is upregulated in MS plaques 

We next investigated caspase-1 expression and localiza- 
tion in MS brains by immunohistochemistry using a poly- 
clonal antiserum that recognizes both the procaspase 
(uncleaved) and active tetrameric (cleaved) forms. Fig. 2 
compares caspase-1 expression in normal control white 




MS Evolving Plaque (Caspase-1) I MS Gray/White Jx (Caspase-1) 



Fig. 2. Immunohistochemical study of caspase-1 expression in normal 
control white matter and MS plaques. Caspase-1 staining was rarely seen in 
normal white matter (upper left panel and enhanced inset photograph). By 
contrast, strong cytoplasmic caspase-1 staining was detected in many 
oligodendroglia, macrophage/microglia, and some enlarged reactive astro- 
cytes of MS plaques (upper right and lower left panels). Some caspase-1 - 
positive cells have strong nuclear staining. Neurites within another plaque 
located at the gray/white matter junction also stained for caspase-1 (lower 
right). 
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Fig. 1. Determination of caspase-1 gene expression in MS white matter and controls. (A) Semiquantitative RT-PCR and liquid hybridization for caspase-1 and 
control GAPDH transcripts in RNA extracts from MS and control brains. The agarose gel regions containing bands for the GAPDH and caspase-1 PCR 
products are shown. Lanes 1-6: MS brains. Lanes 7-11: control brains. The radioactivity of the mRNA bands was measured and caspase-1 mRNA values 
were normalized to those of GAPDH for each sample. (B) Graph of normalized caspase-1 gene expression in MS brain and other neurologic disease controls 
(OND). Mean value for each group: MS= 15,240; OND = 78 18. The MS group was significantly different from the ONDs according to a Student's Mest 
(p<0,03). Open circles (O) represent values derived from a group of nine SSPE brains containing considerable chronic inflammation. 
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Table 1 



Identity of caspase-1 -expressing cells in MS white matter plaque 



Patient number 


Caspase-1 - 


Oligodendrocytes 


Macrophages/ 




positive cells 


(CNPase-positive) 


microglia 




(total counted) 




(RCA-1 lectin- 








positive) 


First experiment 








Patient 1 


152 


44 (29%) 


59 (38%) 


Patient 2 


148 


46(31%) 


none seen (0%) 


Patient 3 


119 


27 (23%) 


47 (39%) 


Patient 4 


135 


40 (30%) 


40 (30%) 


Second experiment 3 








Patient 1 


151 


63 (42%) 


42 (28%) 


Patient 4 


149 


77 (52%) 


42 (28%) 


Average 


142 


50 (35%) 


38 (27%) 



a Sections from different levels of the blocks were used in the two 
experiments, so variation in the percentage of counted oligodendrocytes and 
macrophage/microglia is expected. The difference is within experimental 
error. 



matter to that in MS brain. We found that this protein was 
readily detectable in most MS lesions, and that many plaques 
contained far more caspase-1 -positive cells than control 
white matter. Normal white matter failed to exhibit immu- 
noreactivity to the caspase-1 antiserum (top left panel). The 
inset shows an enhanced photograph of negative staining 
oligodendroglial cells in normal brain. The same section was 
subsequently reacted with CNPase to assure that the small 
round caspase-1 -negative cells were indeed oligodendro- 
cytes. By contrast, the MS plaques (top right and lower left 
panels) show strong caspase-1 staining in many cells pos- 
sessing oligodendrocyte morphology. There were also cas- 
pase-1 -positive astrocytes, and although most caspase 
staining was cytoplasmic, in some cells, prominent nuclear 
staining was observed. The lower right panel shows the gray/ 
white matter junction in an MS brain where marked caspase- 
1 immunoreactivity was observed within nerve fibers along 
the plaque edge. 



As previously mentioned, we superimposed fluorescent 
antisera specific for oligodendrocytes (CNPase) or macro- 
phage/microglial-lineage cells (RCA-1 lectin) on sections 
previously subjected to caspase-1 /DAB staining to deter- 
mine precisely which cell types express caspase-1 in MS 
plaques. The experimental results are summarized in Table 1 . 
Fig. 3 illustrates caspase-1 immunostaining at the active 
margin of a chronic active plaque (left panel) co-labeled 
with the oligodendrocyte marker CNPase (middle panel), 
and with the macrophage/microglia marker RCA-1 lectin 
(right panel). A comparison of the left and middle panels of 
Fig. 3 shows that caspase-1 is prominently upregulated in the 
cytoplasm of oligodendrocytes within the thin zone of active 
demyelination at the plaque margin (black arrows). Compar- 
ison of the left panel with the right panel shows that caspase- 
1 is also upregulated within the perivascular and parenchy- 
mal lectin-positive macrophage/microglia (white arrow) as 
expected. The upper region of the plaque has undergone 
complete myelin loss. These findings demonstrate that 
caspase-1 is upregulated throughout evolving early MS 
plaques, and that caspase-1 is also upregulated at the active 
margin in chronic plaques in comparison to normal brain. 

The largest average number of caspase-1 -positive cells 
belonged to the oligodendrocyte population (35%) and this 
was closely followed by the average in caspase-1 -positive 
macrophages/microglia (27%, see Table 1). Cytoplasmic 
caspase-1 staining was often more intense in oligodendro- 
cytes than in macrophage/microglia, and expression varied 
greatly among cells. GFAP-positive astrocytes usually con- 
stituted only 10-15% of caspase-1 -positive cells, and their 
stain was also of variable intensity (data not shown). 

3.3. Macrophages engulf caspase-1 -positive cell bodies in 
acute MS brain 

To address the possible relationship between caspase-1 
expression and cell death in MS lesions, we used fluorescent 




Fig. 3. Chronic MS plaque with active margin showing caspase-1 expression in oligodendrocytes and macrophage/microglia lineage cells. Left panel: Caspase- 
1 staining using DAB (dark cells; arrows). Arrows point to field of caspase-1 -positive oligodendrocytes that are restricted to the active margin of the plaque. 
Additionally, many caspase-1 -positive mononuclear cells are found in the perivascular infiltrate around the blood vessel (V). Middle panel: Confocal image of 
the same field showing FITC-labeled CNPase-positive oligodendrocytes within a partially demyelinated region of the plaque. Right panel: Confocal image of 
the same field now labeled with Cy5 RCA-1 lectin that shows positive macrophage/microglia around the vessel. This area of the plaque is totally devoid of 
myelin. 
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Fig. 4. Confocal fluorescent microscopic images showing FITC-labeled TUNEL-positive cells containing fragmented DNA (yellow) and Cy-3-labeled caspase- 
1 -positive cells (red). Left panel: Arrows indicate caspase-1 -positive cells with condensed TUNEL-positive nuclei. Right panel: Higher power image of two 
additional TUNEL-positive cells with marked expression of caspase-1. 



immunohistochemistry for caspase-1 in conjunction with in 
situ TUNEL staining, which is a nuclear marker for frag- 
mented DNA that is highly characteristic of cell death. Fig. 4 
(left panel) shows a chronic MS plaque with many caspase- 
1 -positive cells (red signal) and a few contain TUNEL- 
positive nuclei (yellow signal; arrows). In another field at 
higher magnification, a few cells expressing caspase-1 again 
labeled with the TUNEL stain (right panel). The majority of 
cells that stained heavily for caspase-1, however, failed to 
react with the TUNEL assay, indicating that increased 



caspase-1 expression alone is not sufficient to induce cell 
death. 

We performed caspase-1 immunohistochemistry on an 
early evolving acute MS plaque where the cell death process 
was very aggressive, as judged by TUNEL staining. Fig. 5 
shows intense caspase-1 staining (DAB) of multiple inter- 
nalized cell bodies within several large phagocytic cells of 
this lesion. These bodies probably represent caspase-1 - 
positive cell corpses being phagocytosed by macrophages 
(arrows). 




Fig. 5. Phagocytosis of caspase-1 -positive cells in a very acute MS lesion. Caspase-1 immunohistochemistry (DAB chromogen, brown stain) showing highly 
edematous white matter and several large phagocytic cells with multiple caspase-1 -positive corpses (arrows). 
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3.4. In vitro caspase-1 studies on oligodendrocyte hybrid 
cultures 

The majority of M03.13 cells expressed mature oliogo- 
dendroglial cell markers including MBP, PLP, CNPase, and 
Ol when tested by immunohistochemistry. A small portion 
(up to 5%) expressed progenitor oligodendroglia markers 
including PDGFa-receptor and A2B5. The M03.13 cells 
failed to react with the astrocyte marker GFAP. A nonneural 
connective tissue cell line (NCTC929) was simultaneously 
tested with the same marker panel and found to be non- 
reactive for all markers tested. 

The TNF-ot/IL-1 (3 cytokine combination induced 47% of 
the cycloheximide-sensitized cells to die compared to con- 
trol levels of 20%, as judged by flow cytometry (Fig. 6). 
The caspase-1 -like inhibitor Z-YVAD-fink blocked most of 
the cell death induced by this cytokine combination (24%), 
and was therefore quite effective. Fig. 6 also shows that 
DNA extracted from the control cells described in the 
experiment above contained mostly high molecular weight 
intact DNA and only modest amounts of the low molecular 
weight banding pattern that is characteristic of apoptosis. In 
contrast, cultures that were challenged with inflammatory 
cytokines showed far larger amounts of this low molecular 
weight banding pattern (middle lane). The companion 
culture treated with Z-YVAD-fmk exhibited a marked 
reduction in low molecular weight DNA (right lane). 

Control >L1ft + TNFq Challenge 



Intact DNA 



75n 




200 - 



Low Molecular 
DNA 



20 47 24 Cells Dead (%) 

Fig. 6. Autoradiograph showing DNA analysis by 1 .5% agarose gel elect- 
rophoresis. Lane 1 : DNA extracted from control cells showing background 
apoptosis (20% cells dead). Lane 2: DNA extracted from cells exposed to 
cytokine challenge showing marked increase in low molecular weight DNA 
banding pattern (47% cells dead). Lane 3: DNA from challenged cells that 
were pretreated with the inhibitor Z-YVAD-fmk (60 uM). A strong low 
molecular weight DNA apoptotic ladder is present in the cytokine- 
challenged DNA, which is much less prominent in the control lane. 
Pretreatment with the inhibitor Z-YVAD-fmk blocks cell death, as reflected 
by the preservation of high molecular weight DNA species and a drop in 
spacers of low molecular weight. Cell death levels also dropped to 24% in 
the presence of the inhibitors. 
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Fig. 7. Graph showing data from six independent experiments where 
oligodendroglial cultures were challenged with a combination of TNF-a 
and IFN-7. Death induction by cytokine exposure averaged nearly 50%, 
and in this case, inhibition using Z-YVAD-fmk reduced the number of dead 
cells to less than background control values. Bars represent mean per- 
centages of cell death ± 1 S.E.M. Data were analyzed using a one-way 
ANOVA (F=495; /><0.001). 



Fig. 7 summarizes the in vitro results of TNF-ot/IFN-7/ 
CHX induced cell death in six independent trials, as judged 
by flow cytometry using Annexin V staining. This cytokine- 
stimulated death was blocked by Z-YVAD-fmk, and cell 
death levels even dropped below the levels of CHX-treated 
control cultures. A one-way ANOVA showed all three groups 
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Fig. 8. Comparison of Z-YVAD-fink and Z-DEVD-fmk dose- response 
curves after induction of cell death by exposure to TNF-ot/IL-l p. The 
baseline cell death value induced after 24 h was 45% as determined by flow 
cytometry. Both Z-YVAD-fmk and Z-DEVD-fmk caused modest inhibition 
at concentrations as low as l uM, and both were quite effective at blocking 
cell death at 500 uM. Z-YVAD-fmk was more effective at blocking cell 
death at low concentrations (15-100 uM) than Z-DEVD-fmk. A two-way 
ANOVA was used for statistical analysis, and the difference between the 
two inhibitors was found to be highly significant (F= 163, p< 0.001). 
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Fig. 9. Western blot showing effect of TNF-ot/IL-1 [} activation on the 
immortalized M03 oligodendrocyte culture. These immunoblots were 
reacted with an antibody to caspase-1 that is capable of detecting the intact 
promolecule and a 20-kDa cleavage activation product The intact pro- 
molecule of caspase-1 migrates at 47 to 53 kDa depending on the cell line. 
The control M03.I3 cell cultures (left lanes) show a prominent caspase-1 
promolecule band that is substantially reduced following exposure to TNF- 
ct/IL-1 fi death induction. An activated fragment of caspase-1 is seen only in 
the cytokine-challenged lanes (right two lanes). 



to be significantly different (p< 0.001), indicating that cyto- 
kine challenge resulted in increased cell death, and that Z- 
YVAD-fmk was highly effective in blocking this process. 

We titrated the effectiveness of the two different caspase 
inhibitors on blocking oligodendrocyte death by determin- 
ing their dose- response curves (Fig. 8). The M03.13 cells 
were pretreated for 3 h with Z-YVAD-fmk or Z-DEVD-fmk 
at a dose range of 0-500 uM, and then challenged with 100 
ng/ml of TNF-a and 10 ng/ml of IL-ip. A two-way 
ANOVA test was used to compare the efficacy of the two 
inhibitors, and Z-YVAD-fmk was found to be a more potent 
inhibitor of cell death than Z-DEVD-fmk (F=163, 
p< 0.001). While inhibition was detectable with both Z- 
YVAD-fmk and Z-DEVD-fmk at a concentration of 1 uM, 
Z-YVAD-fmk retained increased effectiveness at much 
lower concentrations, indicating that Z-YVAD-fmk inhibits 
oligodendrocyte death induced by the cytokines in a dose- 
dependent manner resembling but more potent than Z- 
DEVD-fink. 

3.5. Caspase-1 is consumed in cytokine-challenged oligo- 
dendrocyte hybrid cells 

Western blot analysis indicated that caspase-1 was acti- 
vated by cytokine challenge in M03 cells. Fig. 9 shows that 
challenge with TNF-a/IL-ip resulted in both a marked 
reduction of the procaspase- 1 band compared to the control 
lane and the appearance of a lower molecular weight p20 
cleavage activation product restricted to the cytokine-chal- 
lenge lanes. 



4. Discussion 

A major finding in this study is that caspase-1 is com- 
monly overexpressed in white matter oligodendrocytes of 



MS brain. We found that caspase-1 mRNA transcripts were 
significantly more abundant in MS white matter than in 
control brain tissue as measured by semiquantitative RT- 
PCR. We extended this finding at the single-cell level by 
using immunohistochemistry to determine the pattern of 
caspase-1 expression in chronic and acute MS plaques. The 
expression of caspase-1 was negligible in both normal 
control white matter and in normal appearing areas of MS 
brain. In contrast, a striking upregulation of caspase-1 was 
observed in oligodendrocytes of early evolving MS plaques, 
and this increased expression was often widespread 
throughout the lesion. In other plaques, however, positive 
cells were largely restricted to the active plaque margin. As 
expected, caspase-1 was also upregulated in infiltrating 
perivascular mononuclear cells and parenchymal macro- 
phage/microglia. 

Caspase-1 commonly mediates inflammatory effects 
through cleavage activation of the IL-ip and IFN-7 promo- 
lecules, and these inflammatory cytokines are widely dis- 
tributed in MS white matter. IFN-7 and TNF-a, both toxic to 
oligodendrocytes in tissue culture, are produced by macro- 
phages/microglia in the CNS of MS patients [14,15]. EFN-7 
is found at the margin of active plaques, while TNF-a is 
prominent in macrophages at the center of lesions and in the 
perivascular microglia outside lesions [15]. IL-lp provokes 
inflammation in the CNS as demonstrated by the acute 
inflammation involving hemorrhage and edema observed 
after its injection into the brain of experimental animals [14]. 
Caspase-1 -deficient mice have a major defect in the gener- 
ation of mature IL-1 p and demonstrate impaired production 
of IFN-7 and IFN--y-inducing factor (IGIF), thus making 
them resistant to LPS-induced endotoxic shock [16-18]. 
These previous studies suggest that caspase-1 may play an 
important role in the regulation of multiple cytokines impli- 
cated in the inflammatory aspects of the MS disease process. 

Recently, Furlan et al. [19] found that caspase-1 could 
regulate the inflammatory process leading to experimental 
autoimmune encephalomyelitis (EAE), an animal model of 
MS. In this experiment, caspase-1 mRNA blood levels 
parallel those of proinflammatory cytokines during EAE 
and peak at the time of maximal EAE severity, and a 
reduction of EAE incidence and severity was observed in 
caspase-1 knockout mice. They also found pharmacological 
inhibition of caspase-1 using the caspase-1 -inhibitor Z-Val- 
Ala-DL-Asp-fluoromethylketone (Z-VADA-fmk) which 
could block the induction of EAE if administered early, but 
could not stop the latter progressive phases of the disease. 
This experiment clearly indicates that caspase-1 plays an 
important role in the early phases of the immune-mediated 
inflammatory process leading to EAE. 

Caspase-1 is one of the few caspases with characterized 
activities both in the cleavage activation of proinflammatory 
cytokines and in apoptosis. Since caspase-1 knockout mice 
show no defect in development, some investigators have 
concluded that caspase-1 may play a redundant role in apop- 
tosis [16]. However, one recent study has shown activation 
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of caspase-1 in association with apoptosis, even in the nuclei 
of dying cells. In Mao's report, TNF challenge of Hela cells 
induced apoptosis without detectable proteolytic activation 
of caspase-1 in the cytosol. Instead, TNF induced the trans- 
location of procaspase-1 to the nucleus where it was 
proteolytically activated, releasing the intact prodomain. 
These findings suggest that caspase-1 may have a nuclear 
function in some cell types undergoing apoptosis [20], and 
in our experiment, a number of caspase-1 -positive cells in 
MS plaques showed prominent nuclear expression. Other 
reports also indicate that caspase-1 may be implicated in 
cytokine-mediated glial cell death. Under some conditions, 
TNF induced considerable cytotoxicity in cultured oligoden- 
drocytes. This effect was blocked by the caspase-1 inhibitor 
Ac-YVAD-CHO, suggesting that TNF-induced death in 
glial cells is mediated via a death pathway involving 
caspase-1 [21], In yet another in vitro study, oligodendrocyte 
apoptosis was induced with a different stimulus, the neuro- 
trophin NGF. Caspase-1 was again found to be activated in 
this study, as was the downstream executioner protein 
caspase-3 [22]. 

In the present study, an occasional dying TUNEL-pos- 
itive cell was found in MS brain expressing large amounts of 
caspase-1. However, the vast majority of caspase-1 -express- 
ing cells were TUNEL-negative, so it is unclear precisely 
what role caspase-1 plays in the process of cell death within 
postmortem MS brain lesions. On the other hand, high levels 
of caspase-1 expression in the resident glial population at the 
active margin of chronic MS plaques as well as the presence 
of caspase-1 -positive corpses within phagocytic macro- 
phages of acute MS plaques are consistent with the oper- 
ation of multiple caspase-1 -mediated processes, including 
inflammation and perhaps apoptosis in MS lesion develop- 
ment. 

In our in vitro studies, M03.13 cells were used as an 
oligodendroglial cell model. The immortalized oligodendro- 
glial human-human hybrid M03.13 cell line has been 
utilized in previous reports to study caspase activation and 
apoptosis [23,24]. The cells have been shown to display 
several of the morphological and biochemical characteristics 
of human oligodendroglia [25]. We tested the cell line with a 
battery of glial cell markers and found that the majority of 
M03.13 cells expressed markers of mature oliogodendro- 
cytes including MBP, PLP, CNPase, and 01 antigen, and 
none expressed the astrocyte marker GFAP. These findings 
indicate that the M03.13 cells share many of the character- 
istics of human oligodendrocytes. The results of our in vitro 
study showed that the caspase-1 -like inhibitor Z-YVAD-fmk 
was able to block the cytotoxic effects of TNF-a/IL-1 $ in a 
dose-dependent manner. These findings suggest that cas- 
pase-1 -like signaling is involved in in vitro cytokine-induced 
oligodendrocyte death and are strongly supported by the 
Western immunoblot data that revealed consumption of 
caspase-1 and the appearance of cleavage activation frag- 
ments in the cells subjected to death induction by TNF-a/IL- 
lp. While the increased expression of caspase-1 message 



and the caspase-1 product in MS plaques is likely associated 
with inflammation, the in vitro data suggest that under some 
circumstances, caspase-1 may be involved in the apoptosis 
of oligodendrocytes. 
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Parkinson's disease (PD) and 1-methyI-4-phenyl-1 ,2,3,6- 
tetrahydropyridine (MPTP) toxicity are both associated with 
dopaminergic neuron death in the substantia nigra (SN). Apo- 
ptosis has been implicated in this cell loss; however, whether or 
not it is a major component of disease pathology remains 
controversial. Caspases are a major class of proteases involved 
in the apoptotic process. To evaluate the role of caspases in 
PD, we analyzed caspase activation in MPTP-treated mice, in 
cultured dopaminergic cells, and in postmortem PD brain tissue. 
MPTP was found to elicit not only the activation of the effector 
caspase-3 but also the initiators caspase-8 and caspase-9, mi- 
tochondrial cytochrome c release, and Bid cleavage in the SN 
of wild-type mice. These changes were attenuated in transgenic 
mice neuronally expressing the general caspase inhibitor protein 
baculoviral p35. These mice also displayed increased resistance 
to the cytotoxic effects of the drug. MPTP-associated toxicity in 
culture was found temporally to involve cytochrome c release, 



activation of caspase-9, caspase-3, and caspase-8, and Bid 
cleavage. Caspase-9 inhibition prevented the activation of both 
caspase-3 and caspase-8 and also inhibited Bid cleavage, but 
not cytochrome c release. Activated caspase-8 and caspase-9 
were immunologically detectable within MPP + -treated m sen- 
cephalic dopaminergic neurons, dopaminergic nigral n urons 
from MPTP-treated mice, and autopsied Parkinsonian tissue 
from late-onset sporadic cases of the disease. These data 
demonstrate that MPTP-mediated activation of caspase-9 via 
cytochrome c release results in the activation of caspase-8 and 
Bid cleavage, which we speculate may be involved in the 
amplification of caspase-mediated dopaminergic cell death. 
These data suggest that caspase inhibitors constitute a plau- 
sible therapeutic for PD. 

Key words: caspases; substantia nigra; Parkinson's disease; 
MPTP; mesencephalic cultures; PC12 



Parkinson's disease (PD) is characterized by a progressive de- 
generation of dopaminergic neurons of the substantia nigra (SN). 
In postmortem Parkinsonian brain dying neurons are present that 
have been reported to display morphological characteristics of 
apoptosis, including cell shrinkage, chromatin condensation, and 
DNA fragmentation (Mochizuki et al., 1996; Hajimohamadreza 
and Treherne, 1997; Tatton et al., 1998). In addition, the expres- 
sion of known effectors of neuronal apoptosis, including the 
major downstream executioner caspase, caspase-3, has been re- 
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ported in autopsied SN tissue isolated from PD patients (Anglade 
et al., 1997; Hartmann et al., 2000). In vivo and in vitro models of 
PD also have suggested a role for apoptosis in the related human 
disease pathology (for review, see Andersen, 2001). l-Methyl-4- 
phenyl-l,2,3,6-tetrahydropyridine (MPTP) administration in 
mice, for example, produces selective degeneration of dopami- 
nergic neurons of the SN, and the presence of DNA fragmenta- 
tion has been reported after its administration along with the 
induction of caspase-3 activity (Tatton and Kish, 1997; Hartmann - 
et al., 2000). In addition, proapoptotic Bax expression is found to 
be elevated after MPTP administration, and mice in which Bax 
has been ablated or the expression of the anti-apoptotic protein 
Bcl-2 has been elevated have been shown to be resistant to this 
agent (Hassouna et al., 1996; Offen et al., 1998; Yang et al., 1998; 
Choi et al., 2001). l-Methyl-4-phenylpyridinium ion (MPP + ), a 
metabolite of MPTP, has been found at low dosages to cause 
apoptotic cell death in dopaminergic PC12 cells and mesence- 
phalic cultures via the activation of caspase-3 (Hartley et aL, 1994; 
Mochizuki et al., 1996; Dodel et al., 1998). Caspase-3, therefore, 
has been suggested to be the final effector of apoptotic cell death 
in Parkinson's-associated neurodegeneration, but the exact bio- 
chemical pathways involved in its activation are unclear. 

Previously, we have reported the creation of transgenic mice 
that neuronally express the baculoviral protein p35 (Viswanath et 
al., 2000). This protein acts as a potent irreversible caspase 
inhibitor with broad effectiveness against all classes of these 
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proteases (Bump et al., 1995; Zhou et al., 1998; Fisher et al., 
1999). Expression of the p35 protein in vivo has been shown to 
confer functional caspase inhibitory activity and to attenuate 
apoptosis in a variety of different paradigms (Hay et ah, 1994; 
Sugimoto et al, 1994; Davidson and Steller, 1998; Izquierdo et 
al., 1999; Hisahara et al., 2000; Viswanath et al., 2000). Unlike 
animals deficient in the expression of specific caspases (i.e., 
caspase-3, caspase-8, and caspase-9; Kuida et al., 1996, 1998; 
Varfolomeev et al., 1998; Colussi and Kumar, 1999; Zheng et al., 
1999), p35 transgenics appear phenotypically normal and are 
viable, and embryonic development does not appear to be af- 
fected in these animals (Viswanath et al., 2000). These animals 
were studied along with the examination of dopaminergic cell 
lines, primary mesencephalic cultures, and PD brain tissue to 
assess the possible regulatory role of other caspases in the acti- 
vation of caspase-3 in the molecular pathway leading to apoptotic 
cell death in MPTP toxicity and sporadic late-onset PD. 

MATERIALS AND METHODS 

MPTP treatment of mice. MPTP-HC1 (Sigma Aldrich, St. Louis, MO) in 
0.9% NaCI was administered to 10- to 16-week-old wild-type and p35 
transgenic mice, using an acute dosing regimen of 15 mg/kg intraperito- 
neally every 2 hr for four doses (n = 5-7 mice in each group) as described 
previously (Yang et al., 1998). Control animals in both paradigms were 
treated with equal volumes of saline. 

Stereological counts of tyrosine hydroxylase- immunopositive neurons. 
MPTP and saline-treated animals (n = 5-7) were perfused transcardially 
with 4% paraformaldehyde. Brain tissue containing SN was sectioned 
coronally at 40 urn on a sliding microtome. Immunohistochemistry was 
performed with a rabbit polyclonal anti-tyrosine hydroxylase antibody 
(Chemicon, Temecula, CA). Briefly, fixed tissue was preincubated with 
1% hydrogen peroxide/methanol to reduce background staining, and 
then the tissue was exposed to a 1:500 dilution of primary antibody in 
appropriate buffer overnight at 4°C. Sections were washed with PBS, 
incubated with biotinylated anti-rabbit IgG secondary antibody (Vector 
Laboratories, Burlingame, CA), rinsed, placed for 1 hr in avidin-biotin 
peroxidase solution (Vectastain ABC kit, Vector Laboratories), and then 
developed in 0.01% hydrogen peroxide, 0.01% diaminobenzidine tetra- 
hydrochloride (DAB; Sigma Aldrich) for 5 min. Sections were rinsed, 
mounted on glass slides in 50% glycerol, and coverslipped. Slides were 
coded, and calculations of the cell numbers were performed by using the 
unbiased dissector method (West et aL, 1991). Hydroxylase- 
immunopositive (TH + ) cells were counted from a total of 14-18 sections 
in each field per brain (i.e., every second section) at a magnification of 
100X in a 0.2 mm 2 area, using the optical fractionator approach. 

Measurement of levels of dopamine and homovanillic acid. MPTP and 
saline-treated animals (n = 5-7) were killed 7 d after the last MPTP 
injection. For each mouse the striatum was dissected, immediately frozen 
in dry ice, and then stored at -80°C for the measurement of dopamine 
and its metabolites. Dissected striatal tissues were sonicated and centri- 
fuged in chilled 0.1 m perchloric acid (PCA; 30 /tl/mg tissue). The 
supernatants were analyzed for levels of dopamine and homovanillic acid 
(HVA) by using 16-electrode electrochemical detection as described 
previously (Beal et al., 1990). Concentrations of dopamine and HVA are 
expressed as picomoles per milligram of protein. 

Measurement of caspase activities. Caspase activities were measured in 
PC12 cells and murine SN tissues at the indicated time points after toxin 
treatment by using specific fluorogenic tetrapeptide substrates. Caspase-3 
activity was measured with a fluorace apopain assay kit (Bio-Rad, Her- 
cules, CA) that used the substrate DEVD-AFC according to the manu- 
facturer's directions. Caspase-8 and caspase-1 activities were measured 
by using the substrates IETD-AFC and YVAD-AFC (Calbiochem, La 
Jolla, CA), respectively. Caspase-9 activity was measured with an assay 
kit (Oncogene, Cambridge, MA), using the specific substrate LEHD- 
AFC. Cells or tissues were lysed in 100-250 /il of lysis buffer [containing 
(in mM) 10 HEPES-KOH, pH 7.2, 2 EDTA, 5 dithiothreitol (DTT), and 
1 phenyl methylsulfonyl fluoride (PMSF) plus 0.1% CHAPS, 10 jig/ml 
pepstatin A, 10 jLtg/ml aprotinin, 20 /tg/ml leupeptin], vortexed gently, 
and freeze-thawed four to five times. Lysates were centrifuged at 
13,000 X g for 30 min at 4°C, and the supernatants were collected. Protein 
concentrations were estimated by using Bradford reagent (Bio-Rad). 
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Supernatant aliquots were incubated with the fluorescent substrates at 
37°C for 1-2 hr. Free AFC accumulation resulting from cleavage of the 
aspartate -AFC bond was measured with a Cytofluor II fluorometer at 
360 nm excitation and 515 nm emission wavelengths. 

Western blot analysis of cytochrome c levels and Bid cleavage. For 
analysis of Bid cleavage, tissue extracts were prepared as described above 
for the measurement of caspase activities. To analyze cytochrome c 
release, we performed protein extraction of both the mitochondrial and 
cytosolic fractions as described previously (Kirsch et al., 1999). Cells or 
tissues were rinsed twice with cold PBS and lysed in cold MSHE buffer 
[0.21 m mannitol (and in mM) 70 sucrose, 10 HEPES-KOH, pH 7.2, 1 
EGTA, 1 EDTA, 0.15 spermine, 0.75 spermidine, and 5 DTT plus 2 
jag/ml leupeptin, 2 /xM benzamidine-HCl, 1 /ig/ml pepstatin]. Cells were 
homogenized with Dounce on ice. Nuclei and unlysed cells were re- 
moved by centrifugation at 500 x g at 4°C for 12 min. The supernatant 
was centrifuged at 9500 X g for 9 min at 4°C to pellet mitochondria. The 
supernatant contained the cytosolic fraction; the mitochondrial pellet 
was resuspended in MSHE buffer and was also used for immunoblot 
analysis. Protein (5 /ig) from the cytosolic fraction and 2.2 jig from the 
mitochondrial fraction were loaded per lane. The primary antibodies 
were either a 1:1000 dilution of polyclonal anti-human /mouse Bid (R&D 
Systems, Minneapolis, MN) or a 1:1000 dilution of monoclonal cyto- 
chrome c (PharMingen, San Diego, CA), followed by horseradish 
peroxidase-conjugated secondary antibody (Vector Laboratories) and 
autoradiography with enhanced chemiluminescence (ECL; Amersham 
Pharmacia Biotech, Arlington Heights, IL). Cytosolic extracts also were 
analyzed with Cox IV antibody, which serves as an indicator of mito- 
chondrial contamination of cytosolic extracts (Clontech, Palo Alto, CA). 

PC 12 cell culture and treatment with MPP + . PCI 2 cells were grown in 
DM EM supplemented with 10% heat-inactivated horse serum, 5% fetal 
bovine serum, and 2% penicillin /streptomycin (Life Technologies, Gaith- 
ersburg, MD). Typically, the cells were plated in 100 X 200 mm culture 
dishes or six-well plates at a confluency of 50-80% and grown at 37°C in 
5% C0 2 . Cultures were used for no more than 20 passages. Cells were 
treated with 150 julm MPP + (Sigma Aldrich) for 4-24 hr; untreated cells 
were used as controls. M PP + stock was made freshly before its addition 
to DM EM. For each set of experiments the samples were run in triplicate 
and repeated three times. For experiments that used the caspase-8 and 
caspase-9 inhibitors (25 in DMSO; Calbiochem-Novabiochem, San 
Diego, CA and PharMingen, respectively), the cells were preincubated 
with the inhibitors for 1 hr before treatment with MPP + . 

Mesencephalic cultures and MPP + treatment. All experiments were 
performed by following an institutionally approved protocol in accor- 
dance with National Institutes of Health Guide for the Care and Use of 
Laboratory Animals. Ventral mesencephalon was dissected from embry- 
onic gestation day 14 (E14) wild-type and p35 transgenic mice. Neurons 
were dissociated mechanically and incubated for 5 min at room temper- 
ature (RT) in 0.05% trypsin-EDTA (Life Technologies) in HBSS with- 
out calcium and magnesium (Life Technologies). The digestion reaction 
was stopped by the addition of 10% fetal bovine serum (FBS; Life 
Technologies) in high-glucose DM EM (Life Technologies). Cells were 
plated onto poly-D-lysine-coated eight-well culture slides (Becton Dick- 
inson Labware, Bedford, MA) at a density of 3.5 X 10 5 cells/ well. 
Neurons were grown in neurobasal medium (NBM) supplemented with 
2% B-27, 0.5 mM glutamine, and 1% antibiotic- antimycotic solution (all 
from Life Technologies). All cultures were incubated at 37°C at 5% C0 2 . 
After 4 d one-half of the medium was removed and replaced with an 
equal volume of medium. Cells were grown an additional 2 d and then 
treated with 5 /xm M PP + (Sigma Aldrich) for 6, 12, 18, 24, and 48 hr. The 
caspase-9 inhibitor Z-LEHD-FMK (25 /am; PharMingen) was added 1 hr 
before MPP + treatment. Cells were fixed with 4% paraformaldehyde in 
PBS for 30 min. 

Immunocytochemistry for activated caspase-3 t caspase-9, and caspase-8 
and TH and DAP! staining in cultured TH + SN neurons. To address the 
time course of MPP + -induced activation of caspase-3, caspase-9, and 
caspase-8 in apoptotic TH + SN neurons, we used double immunolabel- 
ing for both the activated caspases and TH and DAPI staining in this 
study. After fixation the cells were blocked with 10% normal goat serum 
(NGS) containing 0.3% H 2 0 2 and 0.3% Triton X-100 for 1 hr at RT. 
After being washed three times in PBS, the cells were incubated with 
rabbit polyclonal antibodies that recognize the active forms of caspase-3 
(1:50; New England Biolabs, Beverly, MA), caspase-9 (1:100; New En- 
gland Biolabs), and caspase-8 (1:500; SK440, gift from SmithKline 
Beecham, Philadelphia, PA) at 4°C overnight. After being washed with 
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PBS, the cells were incubated with BODIPY FL goat anti-rabbit IgG 
conjugates (1:200; Molecular Probes, Eugene, OR) at RT for 1 hr. Then 
the cells were washed with PBS and incubated with sheep anti-tyrosine 
hydroxylase polyclonal antibody (1:100; Chemicon) at RT for 1 hr. After 
being washed with PBS, the cells were incubated with Cy-3-conjugated 
anti-sheep IgG (1:500; Jackson ImmunoResearch, West Grove, PA) at 
RT for 1 hr. Finally, the cells were wash with PBS and mounted with 
VectaShield mounting medium with DAPI (Vector Laboratories). 

Cell counts in cultured TH + SN neurons from p35 transgenic versus 
wild-type mice treated with MPP + . The total number of TH + neurons 
in mesencephalic cultures from both p35 transgenic and wild-type ani- 
mals was counted in every well in at least three wells per time point (0, 
6, 12, and 24 hr after MPP + treatment). The percentage of TH + neurons 
compared with that of the untreated wild type was used to evaluate 
MPP + toxicity. Experiments were repeated three times with cultures 
isolated from independent dissections. 

Immunohistochemistry of activated caspase-8 and caspase-9 and TH + 
SN neurons in vivo. For mouse tissue, free-floating 40-p,M-thick sections 
were treated first with sheep polyclonal anti-tyrosine hydroxylase anti- 
body (1:500; Chemicon), followed by biotinylated anti-sheep IgG second- 
ary antibody and cy3 streptavidin (Jackson ImmunoResearch). TH + 
neurons were localized, and then the sections were reincubated with 
either rabbit polyclonal anti-activated caspase-9 antibody (1:100; New 
England Biolabs) or rabbit polyclonal anti-activated caspase-8 antibody 
(1:2500; gift from Smith Kline Beecham), followed by biotinylated anti- 
rabbit IgG and cy2 streptavidin (Jackson ImmunoResearch); the sections 
were visualized under fluorescence microscopy. Control experiments 
were performed in which one or the other of the primary antisera was 
omitted. No staining was observed under these conditions. Immunostain- 
ing was performed similarly with human brain sections (25 jam thick) 
from both late-onset PD patients with mild-to-moderate focal loss of 
melanized neurons in ventral and caudal parts of the SN pars compacta 
(SNpc) and age-matched controls fixed in formaldehyde (n = 3 for each; 
average postmortem period, 7.25 ± 5 hr; average age, 69.7 ± 9 years). AU 
PD cases were diagnosed clinically and neuropathologically confirmed, 
whereas controls had no clinical or neuropathological signs of PD or 
dementia. Caspase expression was not found to be affected by postmor- 
tem delay (Stadelmann et al., 1999). 

Statistical analysis. Results were expressed as means ± SD of the 
difference between wild type and p35 transgenics as assessed by 
ANOVA. Values ofp< 0.01 were taken as being statistically significant. 



RESULTS 

Transgenic mice expressing the general caspase 
inhibitory protein p35 are resistant to the toxicity 
associated with the Parkinson's-inducing agent MPTP 

Apoptosis has been shown to play a role in MPTP-induced 
neurotoxicity (Hassouna et al., 1996; Offen et al., 1998). Because 
caspase-3 has been demonstrated previously to be activated dur- 
ing this process both in vitro and in vivo, we examined whether 
expression of the general caspase inhibitor p35 in our transgenic 
animals would act to inhibit the death of dopaminergic SN neu- 
rons induced by MPTP treatment. Stereological cell counts of 
TH + dopaminergic neurons were performed on coronal sections 
isolated from the SN of p35 transgenics versus wild-type animals 
injected with either MPTP or saline (n = 5-7). TH + cells were 
counted in every alternate section via the optical fractionator 
method that combines the optical dissector method and system- 
atic uniform random sampling (West et ah, 1991). The number of 
TH + neurons in the SNpc of wild-type animals was found to be 
decreased by -37 ± 6.2% after MPTP administration compared 
with animals injected with saline alone (p < 0.01; Fig. 1A). In 
contrast, a decrease of only 15 ± 4.8% in the number of TH + 
cells was observed in the SNpc of p35 transgenics that were 
injected with MPTP compared with saline-injected animals (p < 
0.01). 

The effects of acute administration of MPTP on striatal dopa- 
mine and HVA levels also was assessed in wild-type versus p35 




Figure 1. Toxicity induced by MPTP is attenuated in transgenic mice 
neuronally expressing the general caspase inhibitor protein baculoviral 
p35.A y Stereological counts of TH + neurons from wild-type (WT) versus 
p35 transgenic mice after MPTP administration. Both wild-type and p35 
transgenics were killed 7 d after MPTP injection, and SN tissue was 
immunostained with TH antibody. The cell number was assessed stereo- 
logically in every alternate section. Data are means ± SD of five to seven 
animals per group; *p < 0.01. B, Effects of MPTP administration on 
dopamine and HVA levels in WT versus p35. For all animals the striatum 
was dissected for measurement of dopamine and HVA 7 d after MPTP 
administration. Data are means ± SD from three to four mice per group; 
*p < 0.01. 



transgenic mice (Fig. IB). No significant differences were noted in 
striatal dopamine or HVA concentrations after the administra- 
tion of saline in wild-type versus p35 transgenic animals (p = 
0.10; Fig. IB). However, a large reduction in concentrations of 
both dopamine and its metabolite was observed in the wild-type 
animals after drug administration. In the p35 transgenics these 
depletions were attenuated significantly for both dopamine or 
HVA (p < 0.01). 

MPTP elicits cytochrome c release, caspase-3, 
caspase-9, and caspase-8 activation, and Bid cl avage 
in the SN of wild-typ mice that are att nuated in 
p35 transg nics 

The inhibition of cell death elicited by MPTP administration in 
p35 transgenic mice suggests a role for caspases in this process. In 
vitro kinetic analysis demonstrates that p35 inhibits caspase-1, 
caspase-3, caspase-6, caspase-7, caspase-8, caspase-9, and 
caspase-10 most potently (Zhou et al., 1998). The attenuation of 
MPTP-induced cell death in p35 transgenics implies that either 
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upstream activator or downstream effector caspases or both may 
be involved in this process. 

To determine which caspases are activated in MP TP-induced 
neuronal degeneration, we injected wild-type and p35 transgenic 
mice with either MPTP or saline; the SNs were dissected 24 hr 
later, and cell lysates were prepared to assess caspase activities 
with the use of specific tetrapeptide fluorogenic substrates. 
This particular time point was chosen because, according to 
previous work, this is when the maximum number of apoptotic 
cells can be observed after MPTP administration, and this 
time point precedes that of maximal cell death (Hartmann et 
al., 2001). 

Caspase-3 appears to be an essential component of the 
apoptotic machinery in many cell types and a key player in 
many types of neuronal apoptosis (Salvesen and Dixit, 1997). 
We analyzed the ability of MPTP to trigger the activation of 
caspase-3 activity in SN dissected from p35 transgenics versus 
wild-type animals. In keeping with previous results (Hartmann 
et al., 2000), we observed significant activation of caspase-3 in 
wild-type animals after MPTP injection, approximately three- 
fold (Fig. 2 A). Expression of p35 was found to attenuate the 
MPTP-induced activation of caspase-3 activity significantly 
(p < 0.01). 

MPTP is a known mitochondrial toxin (Hartley et al., 1994). 
Damage to the mitochondria in other paradigms has been 
demonstrated to result in the release of mitochondrial cyto- 
chrome c into the cytoplasm and subsequent activation of 
caspase-9, which in turn can elicit the activation of caspase-3 
(Li et al., 1997). To evaluate whether mitochondrial release of 
cytochrome c is involved in MPTP-induced cell death, we 
prepared cytosolic and mitochondrial extracts from SN of wild 
types and p35 transgenics at various time points after MPTP 
treatment, and cytochrome c protein levels were measured by 
immunoblot analysis. Cytosol from tissues isolated from either 
saline-treated wild-type or p35 animals did not contain any 
detectable cytochrome c protein (data not shown). In contrast, 
cytosolic cytochrome c accumulated significantly in wild-type 
animals treated with MPTP and to a lesser degree in tissue 
from p35 transgenics (Fig. 2B). The absence of Cox IV in 
cytosolic extracts confirmed that our preparations were free of 
mitochondrial contamination (data not shown). Along with 
mitochondrial cytochrome c release, SN caspase-9 activity was 
increased by approximately twofold at 24 hr after the induction 
of apoptosis by in vivo MPTP administration in the wild-type 
animals; this increase in activity was found to be inhibited 
greatly in the presence of p35 (p < 0.01; Fig. 2A). 

Caspase-8 is another caspase that, like caspase-9, appears to be 
activated upstream of caspase-3 and in addition recently has been 
implicated possibly to play a role in the cell death associated with 
neurodegenerative paradigms, including PD (Sanchez et al., 1999; 
Velier et al., 1999; Hartmann et al., 2001). In wild-type animals 
caspase-8 activity was found to be induced twofold after treat- 
ment with MPTP; this activity increase was attenuated greatly 
in the p35 transgenics (p < 0.01; Fig. 2A). Bid, a Bcl-2 family 
member, has been shown to be a specific substrate of caspase-8 
and to play a role in caspase 8-mediated mitochondrial damage 
and cell death (Li et al., 1998). To investigate the possible 
involvement of Bid in MPTP-mediated neurodegeneration, 
we analyzed Bid cleavage in SN tissue lysates from wild-type 
and p35 mice after MPTP versus saline injection. Bid was 
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Figure 2. Caspase-3, caspase-8, and caspase-9 activation, cytochrome c 
release, and Bid cleavage after MPTP administration. A, Caspase-3, 
caspase-9, and caspase-8 activities. Substantia nigra (SN) dissected from 
MPTP versus saline-treated wild-type and p35 transgenic animals was used 
to measure caspase activities with specific fluorogenic tetrapeptide sub- 
strates (n = 5-7 animals per group for all assays). The caspase activities 
were measured 24 hr after MPTP injection. Values represent the means ± 
SD from three individual experiments; *p < 0.01. B y MPTP-induced 
cytochrome c release from the mitochondria. Cytosolic extracts were pre- 
pared at the indicated times, and cytochrome c was evaluated by Western 
blot analysis with the use of a monoclonal antibody. C, In vivo Bid cleavage 
24 hr after MPTP administration in WT and p35 mice. SN was dissected, 
and total cell lysates were subjected to immunoblotting. Molecular weights 
are shown on the left. The 25 kDa band represents full-length Bid; the 15 
kDa fragment represents the cleaved form. 



found to be cleaved to a 15 kDa fragment in SN tissue homoge- 
nates isolated from MPTP-treated wild-type animals, and this 
cleavage was attenuated partially in tissues from p35 transgenic 
animals (Fig. 2C). 



Viswanath et al. • Parkinsonian Apoptosis Involves Caspase-8 and Caspase-9 



J. Neurosci., December 15, 2001, 27(24):9519-9528 9523 




0 s 1 1 1 t r - 

0 2 4 6 12 24 

Time (hr) 



2hr 4hr 8hr 2hr 4 hr 8hr 




Mitochondria Cytosol 



4hr 8hr 12 hr 24 hr 



25 kDa 
15kDa 




Figure 3. MPP + induces time-dependent activation of various caspases, 
cytochrome c release, and Bid cleavage in PCI 2 cells. Values represent 
the means ± SD from three experiments; p < 0.01. A, PC12 cells were 
incubated with 150 jxm MPP + for the indicated times. Then the cell 
lysates were analyzed for caspase activities with the use of specific 
fluorogenic substrates. B, MPP ^-induced cytochrome c release from the 
mitochondria. Mitochondrial and cytosolic extracts were prepared as 
described, and cytochrome c release was evaluated by using a monoclonal 
antibody at 2, 4, and 8 hr after MPP + treatment. C, Cleavage of Bid in 
PC12 cells at various times after treatment with MPP + ; the 15 kDa 
fragment was not observed at either 0 or 2 hr after MPP + application 
(data not shown). 



MPTP-associated toxicity in dopaminergic cells in 
culture sequentially involves cytochrome c release, 
activation of caspase-9, caspase-3, and caspase-8, 
and Bid cleavage 

To determine further the pathway of activation of caspase-3, 
caspase-9, and caspase-8 in MPTP-induced neurodegeneration, 
we temporally examined the sequential order of their inductions 
in vitro by administration of MPP + , the active metabolite of 
MPTP, to dopaminergic PC12 cells. PC12 cells are a noradren- 
ergic line derived from the rat adrenal medulla that secrete, store, 
synthesize, and uptake dopamine and are therefore a commonly 
used model for studying catecholaminergic neurons (Greene and 
Tischler, 1976). PC12 cells were treated at a dosage of 150 /jlm 
MPP + , as described previously (Hartley et al., 1994), and caspase 
activities were analyzed at various time points (0, 2, 4, 6, 12, and 
24 hr after MPP + ). At 150 /im MPP + caspase-9 was activated 
significantly between 0 and 2 hr and caspase-3 activation between 
2 and 4 hr after MPP 4 " treatment, respectively (p < 0.01; Fig. 
3A). In contrast, caspase-8 activation did not show significant 
activation until between 4 and 6 hr after 150 /imMPP + treatment 
(p < 0.01). This implies that caspase-9 is likely the apical caspase 
in MPP + -induced toxicity and may be responsible for caspase-8 
activation. In agreement with this conclusion, cytochrome c re- 



lease from the mitochondria was observed by 2 hr after MPP + 
treatment (Fig. 3B). Bid cleavage, in contrast, was not seen in 
MPP^-treated cells until at least 4-6 hr after drug administra- 
tion (Fig. 3Q. 

Caspase-9 activati n is necessary for caspase-8 
activation and Bid cleavage 

To elucidate further the order of caspase activation, we used a 
specific inhibitor against caspase-9 and examined its effect on 
caspase-8 activation and Bid cleavage after MPP + treatment of 
PC12 cells. LEHD-FMK, a cell-permeable caspase-9 specific 
inhibitor, was applied 1 hr before the exposure of PC12 cells to 
150 piM MPP + for various periods of time. The dose of the 
inhibitor used here was predetermined by a set of dose -response 
experiments in which the ability of LEHD-FMK to inhibit the 
activity of caspase-9 and the effects of this inhibitor on cell 
viability were examined (data not shown). Because previous work 
has implicated a nonspecific caspase inhibition at doses higher 
than a 50 fxM concentration of the inhibitor (Thornberry and 
Lazebnik, 1998) and because lower dosages (5-20 /jm) failed to 
inhibit caspase-9 activity effectively, a dosage of 25 /am was 
chosen. Pharmacological inhibition of caspase-9 before MPP + 
treatment resulted in inhibition not only of caspase-9 activity but 
also of both caspase-8 and caspase-3 activities, indicating that the 
activation of caspase-9 is necessary for the activation of both (Fig. 
4 A). Inhibition of caspase-9 also prevented Bid cleavage (Fig. 
4C). However, it did not prevent the release of cytochrome c into 
the cytosol, an event normally considered to occur upstream of 
caspase-9 activation (Fig. 4C). Pretreatment with a 5 /am concen- 
tration of the cell-permeable caspase-8 specific inhibitor IETD- 
CHO led to the inhibition of caspase-8 activity and small but 
significant inhibitions in activities of both caspase-9 and caspase-3 
by 6-12 hr after MPP + treatment (p < 0.01; compare Figs. 4B 
and 3A). 

Primary mesencephalic cultures isolated from p35 
transgenics demonstrate decreased MPP + -mediated 
loss of primary TH + neurons 

PC12 is a transformed cell line that may have survival mecha- 
nisms that are absent in normal primary dopaminergic neurons. 
Therefore, to verify the role of caspase activation in toxin- 
induced dopaminergic cell death on a cellular level in primary 
TH + neurons, we explored the effects of MPP + treatment in 
primary mesencephalic cultures isolated from both p35 transgenic 
and wild-type animals. A concentration of 5 fxM MPP + was 
chosen for these studies because this dosage is in the range 
previously reported to elicit primarily apoptotic versus necrotic 
cell death in dopaminergic cells in these cultures (Hartmann et 
al., 2001). Preliminary dosage experiments conducted in our own 
laboratory at MPP + concentrations of 5, 10, and 50 lim verified 
this phenomenon. Cells were stained for TH at 0, 6, 12, and 24 hr 
after MPP + treatment, and TH + cells were counted. The per- 
centage of TH + neurons present versus untreated cultures was 
62.0 ± 16.6% for wild-type versus 77.0 ± 28.9% for p35 cultures 
at 6 hr, 52.7 ± 12.7% wild-type versus 78.6 ± 11.3% p35 at 12 hr, 
and 28.3 ± 4.8% wild-type versus 38.3 ± 2.7% p35 at 24 hr (p < 
0.01; Fig. 5A). As previously observed by Hartmann et al. (2001), 
this cell loss was found to be accompanied by a noticeable loss in 
neuritic extensions, especially by the 24 hr time point in the 
remaining TH + neurons (Fig. 5B). However, unlike the results of 
Hartmann and colleagues that used the broad pharmacological 
caspase inhibitor zVAD-FMK, expression of the broad caspase 
inhibitor p35 was found to attenuate rather than to exacerbate 
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Figure 4. Effects of treatment of PC 12 cells with specific cell-permeable 
inhibitors of caspase-9 and caspase-8 before treatment with MPP + on the 
activation of caspase-9, caspase-3, and caspase-8, cytochrome c release, 
and Bid cleavage. Values for all assays represent the means ± SD from 
three experiments; p < 0.01. A, Effects of pretreatment with a caspase-9 
specific inhibitor on the activation of caspase-8, caspase-9, and caspase-3. 
PCI 2 cells were incubated with 25 /iM LEH D-CHO 1 hr before treatment 
with MPP + . B, Effects of pretreatment with the specific peptide inhibitor 
to caspase-8 on the activation of caspase-8, caspase-3, and caspase-9. PCI 2 
cells were incubated with 25 uM IETD-CHO at 1 hr before treatment 
with MPP + . C, Bid cleavage, but not cytochrome c release, is attenuated 
in PCI 2 cells after preincubation with LEH D-CHO. Data represent three 
individual experiments. 



this cell loss, in keeping with our in vivo data. MPP + -treated 
wild-type cultures also were pretreated with a 25 /xM concentra- 
tion of the caspase-9 specific inhibitor LEHD-FMK. Although 
preliminary, results from treatment of wild-type cultures with 
caspase-9 specific inhibitor suggest that cell loss is attenuated 
after MPP + treatment compared with untreated cultures at both 
24 and 48 hr after MPP + (28.0 ± 4.80% wild-type versus 35.3 ± 
3.9% wild-type plus inhibitor at 24 hr; 12.7 ± 4.5% wild-type 
versus 26.0 ± 4.1% wild-type plus inhibitor at 48 hr). 

Patt rn of caspas inductions in m s nc phalic 
cultur s r capitulat s that bserv d in th 
d pamin rgic PC12 cell lin 

To verify the temporal pattern of caspase induction after MPP + 
on a cellular level in apoptotic primary dopaminergic neurons, we 
monitored the induction of caspase-9, caspase-3, and caspase-8 in 
primary mesencephalic cultures after treatment for 0, 2, 4, 6, 8, 
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Figure 5. TH + cell counts in MPP + -treated mesencephalic cultures 
from p35 transgenics (Tg) versus wild-type (WT) animals. A, Percentage 
of TH + neurons in p35 transgenic versus wild- type mice mesencephalic 
cultures after 6, 12, and 24 hr of MPP + (5 jllm) treatment compared with 
untreated WT; *p < 0.01. B> Representative morphology of TH + neurons 
in MPP + -treated wild-type cultures after 0, 6, 12, and 24 hr. Magnifica- 
tion, 40 X. Data represent three independent experiments. 
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Figure 6. Temporal MPP + -induced activation of caspase-9, caspase-3, 
and caspase-8 in TH + neurons in mesencephalic cultures. Triple labeling 
shows immunostaining for the active forms of caspase-9, caspase-3, and 
caspase-8 in apoptotic (DAPI-stained) TH + neurons at the time of first 
induction, i.e., 2, 6, and 12 hr, respectively. Magnification, 60X. Data 
represent three independent experiments. 



12, 18, 24, and 48 hr with 5 /u,m MPP + via immunofluorescence 
with antibodies specific for both TH + and the activated forms of 
each of the enzymes, coupled with DAPI staining. As with the 
PC12 cells, caspase-9 induction as monitored by immunofluores- 
cence in the TH + cells occurred first at 2 hr, followed by 
caspase-3 induction at 6 hr, which in turn preceded caspase-8 
induction at 12 hr, demonstrating that MPP + -mediated cell death 
temporally involves the activation of caspase-9, caspase-3, and 
then caspase-8 (Fig. 6). The number of TH + cells at any given 
time point displaying caspase activation was limited (1-10% or 
2-5 per every 50 cells); however, this is in keeping with the 
findings of others and reflects the fact that only a small subset of 
dopaminergic neurons is undergoing apoptosis at any given time 
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Figure 7. Presence of activated caspase-8 and caspase-9 in TH + neurons 
of the substantia nigra of MP TP-treated mice and Parkinsonian brain.^4, 
Wild-type mice were treated with MPTP, and 40 ixm sections were 
double immunolabeled for antibody against TH and the activated form of 
either caspase-9 or caspase-8. B 7 Postmortem human brain samples from 
Parkinson's patients were double immunostained for TH and activated 
caspase-9 or activated caspase-8. Magnification, 40x. 



point (Hartmann et al., 2001). Caspase activation was accompa- 
nied by morphological changes in these cells compatible with 
apoptosis, including chromatin condensation as observed by 
DAPI staining, apoptotic bodies, and shrunken soma. Although 
treatment of cultures with caspase-9 specific inhibitor appeared to 
show a trend toward attenuation of caspase-9, caspase-3, and 
caspase-8 activation as monitored by immunofluorescence, it was 
not possible to access this statistically, given the low numbers of 
caspase-positive TH + cells present at any of the examined time 
points (data not shown). 

Activated caspase-8 and caspase-9 are found within 
d paminergic neurons of the substantia nigra in both 
MPTP-treated mice and Parkinson's patients 

To examine caspase activation after MPTP administration on a 
cellular level in vivo, we used antibodies specific to activated 
caspase-8 and caspase-9 in conjunction with anti-TH antibodies in 
MPTP-treated mice. Cellular expression of MPTP-induced ac- 
tivated caspase-3 and caspase-8 has been shown previously to 
occur in TH + SN neurons of MPTP-treated mice as well as in 
PD patients (Hartmann et al., 2000, 2001). In the present study we 
found that several TH + SN neurons in the MPTP-treated ani- 
mals were also positive for immunostaining with both activated 
anti-caspase-8 and anti-caspase-9 antibodies (Fig. 1A). 

To determine whether activated caspase-8 and caspase-9 were 
present in dopaminergic neurons of the Parkinsonian SN and 
therefore may play a role in the disease pathology, we performed 
similar experiments on tissues from late-onset sporadic PD cases 
versus age-matched controls. TH* SN neurons that also were 
stained positively for antibodies against activated caspase-8 and 
caspase-9 were found in the SN isolated from autopsied PD 
patients (Fig. IE). Although some caspase-8- and caspase-- 
positive SN dopaminergic neurons also were detected in tissue 
from age-matched controls, this was observed less frequently 
(data not shown). 
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DISCUSSION 

In this study we have demonstrated that neuronal expression of 
the general caspase inhibitor protein p35 in transgenic mice 
results in significant reduction in the effects of MPP + /MPTP- 
induced Parkinsonism both in vitro and in vivo. Given that neu- 
ronal expression of p35 is not completely protective against TH + 
SN neuronal cell loss either in vitro or in vivo raises the possibility 
that other caspase-independent pathways also may be involved in 
toxin-induced cell death. An alternative explanation is that levels 
of p35 may not have been elevated sufficiently in our transgenic 
model to counteract all of the MPP + / MP TP-induced caspase 
induction and subsequent cell death. 

MPTP was found to elicit cytochrome c release, activation of 
caspase-3, caspase-9, and caspase-8, and Bid cleavage in the SN of 
wild-type mice, and these events were found to be attenuated in 
the p35 transgenics in vivo. Studies in dopaminergic PC12 cells 
and primary mesencephalic cultures revealed that this toxicity 
appears to involve, sequentially, cytochrome c release, activation 
of caspase-9, caspase-3, and caspase-8, and Bid cleavage. Further- 
more, the inhibition of MPTP-mediated caspase-9 activation 
appears to prevent caspase-3 and caspase-8 activation and Bid 
cleavage, but not cytochrome c release. On a cellular level the 
activation of caspase-9 and caspase-3 in TH + cells in mesence- 
phalic cultures was found to precede that of caspase-8, and either 
general caspase inhibition via p35 expression or specific pharma- 
cological inhibition of caspase-9 resulted in attenuated MPP + - 
mediated TH + cell loss. Both active caspase-8 and caspase-9 were 
found to be present within dopaminergic SN neurons of MPP + - 
treated mesencephalic cultures, MPTP-treated mice, and in late- 
onset Parkinson's patients to a greater extent than in controls. 
Taken together, these data suggest that caspase-8 activation in 
dopaminergic neurons occurs downstream of activation of both 
caspase-9 and caspase-3. Furthermore, caspase-9 activation ap- 
pears to be required for both caspase-8 activation and Bid cleav- 
age as well as for MPTP-mediated dopaminergic cell death. . 

MPTP is a mitochondrial toxin that elicits its actions first via 
monoamine oxidase B-catalyzed conversion to MPP + , which is 
taken up selectively into nigral dopaminergic neurons by the 
dopamine transporter. Here it acts to kill these cells by specifically 
inhibiting mitochondrial complex I activity (for review, see Pr- 
zedborski and Jackson-Lewis, 1998). Cell death associated with 
PD also appears to involve a decrease in mitochondrial function 
via inhibition of the activity of mitochondrial complex I (Mizuno 
et al., 1998; Schapira et al., 1998). There is evidence both after 
MPTP administration in mice and in PD that mitochondrial 
dysfunction results in apoptotic cell death in dopaminergic neu- 
rons of the SN (Mochizuki et al., 1996; Hajimohamadreza and 
Treherne, 1997; Tatton and Kish, 1997; Tatton et al., 1998; 
Hartmann et al., 2000, 2001; Andersen, 2001). Mitochondrial 
injury can elicit apoptosis by disruption of mitochondrial mem- 
brane potential, resulting in the release of mitochondrial cyto- 
chrome c into the cytoplasm where it can complex with apoptosis- 
activating factor 1 (Apaf-1) and caspase-9, causing the activation 
of this initiator caspase (Li et al., 1997). Caspase-9 in turn can 
cleave and activate the downstream executioner caspases, includ- 
ing caspase-3. This leads to cleavage of additional cellular sub- 
strates, resulting in the morphological changes associated with 
apoptosis, including DNA fragmentation and cytoskeletal disrup- 
tion (for review, see Nunez et al., 1998; Stennicke and Salvesen, 
2000). 
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Figure 8. Possible pathway of caspase activation in MP TP-induced do- 
paminergic cell death. MPTP administration results in the release of 
mitochondrial cytochrome c and the activation of procaspase-9, leading to 
the subsequent activation of procaspase-3. Active caspase-3 can cleave 
downstream substrates, resulting in apoptosis. Active caspase-3 also can 
activate procaspase-8. Active caspase-8 in turn can cleave Bid, leading to 
cytochrome c release and setting up a self-amplification loop. Caspase-8 
also has been reported to lead directly to the cleavage of caspase-3 
(Kumar, 1999). A similar pattern may be at work in the SN of PD patients; 
alternatively, protein aggregates may lead to caspase-8 oligomerization 
and activation. 



Recent evidence from cell-free and in vitro expression systems 
has suggested that, besides being a final effector in neuronal 
apoptosis, caspase-3 is also capable of eliciting cleavage and 
activation of the upstream initiator caspase-8 (Slee et al., 1999; 
Wolf and Green, 1999; Tang et al., 2000). Caspase-8 traditionally 
is associated with Fas receptor-induced apoptosis. In this system 
caspase-8 activation results in the cleavage of Bid, a proapoptotic 
BH3 domain-containing member of the Bcl-2 family, to produce 
a truncated form of the protein. Truncated Bid translocates from 
the cytoplasm to the mitochondria, where it appears to interact 
with and antagonize the actions of anti-apoptotic members of the 
Bcl-2 family, thereby causing an efflux of cytochrome c from the 
mitochondria (Kuwana et al., 1998; Li et ah, 1998; Luo et al., 
1998; Schendel et al., 1999; Wei et al., 2001). This in turn can 
result in the activation of caspase-9. Therefore, theoretically, 
caspase-8 acting via the translocation of cleaved Bid to the 
mitochondria could amplify apoptotic signals via the continued 
release of cytochrome c and subsequent activation of caspase-9 
and caspase-3. Coupled with our data, this leads to the spec- 
ulation that the initial activation of mitochondrially associated 
caspase-9 by MPTP may be potentiated via a feedback ampli- 
fication loop involving the caspase 8/Bid pathway (Fig. 8). In 
our studies caspase-8 inhibition appeared to have a small but 
significant effect on activities of caspase-9 or caspase-3 in 
MPP + -treated dopaminergic cells in culture by 6-12 hr after 
MPP + treatment (Fig. 4). It is conceivable that periods of >24 
hr are required for more significant effects of caspase-8 inhi- 
bition, i.e., for the inhibition of Bid cleavage and cytochrome c 
release, thereby inhibiting additional activation of caspase-9 
and caspase-3. Bid cleavage itself does not occur until ~4-6 hr 
after MPP + application. 

Caspase-8 recently has been shown to be involved in cell 
death induced by expanded polyglutamine repeats associated 
with such conditions as Huntington's disease (HD) and spino- 



cerebellar ataxia, possibly by production of protein fragments 
that form toxic aggregates in affected neurons, although this is 
somewhat controversial (Kuemmerle et al., 1999; Sanchez et 
al., 1999; Wellington and Hayden, 2000). Intracellular aggre- 
gates also occur in PD in the form of Lewy bodies (Hughes, 
1997; Olanow and Tatton, 1999). It is possible in PD that Lewy 
body aggregation itself may contribute to the recruitment and 
activation of caspase-8 similar to that which occurs in HD. 
Indeed, activated caspase-8 recently has been reported to be 
present in neuromelanin-containing SN neurons in autopsied 
tissues from PD patients (Hartmann et al., 2001). There also 
have been reports that both the cell death receptor-associated 
Fas and FADD are expressed in cells in the adult human SN 
that undergo degeneration in PD (de la Monte et al., 1998; 
Hartmann et al., 1998; Michel et al., 1999), although this has 
been disputed (Jellinger, 2000). This can initiate downstream 
apoptotic events including the activation of caspase-3 via direct 
proteolytic cleavage as well as via caspase-9 (Kumar, 1999). 

Parkinson's disease develops over a period of several years; 
however, caspase-mediated apoptosis has been shown to occur 
within hours or days of initiation. The initiating event in 
neurodegeneration that is associated with PD appears to be 
mitochondrial dysfunction. In the MPTP model of PD in 
which the mitochondrial effects are acute and rapid, apoptosis 
occurs within 24 hr of drug administration. The delayed de- 
velopment of apoptosis in PD may reflect a slower accumula- 
tion of age-related mitochondrial damage over decades. His- 
tological analysis of SN tissue from late-onset PD patients 
reveals a shrunken, condensed appearance in the remaining 
neurons and a lack of inflammation (Beal et al., 1993; Ziv et 
al., 1997). This is in contrast to the type of morphology 
expected if the associated cell death were necrotic in nature, 
i.e., cell swelling, rupture, and spillage of cell contents into the 
extracellular space eliciting significant local immune response. 
This suggests that cell death is likely apoptotic. Furthermore, 
the ability of dopaminergic cells of the substantia nigra to 
undergo PD-related apoptosis is likely dependent on the avail- 
ability and concentration of activatable caspases in the affected 
neurons that may be altered over time (Velier et al., 1999). 
Recent publications have reported that neither the addition of 
pharmacological caspase inhibitors nor the expression of bacu- 
loviral p35 in either cultured primary dopaminergic neurons or 
dopaminergic cell lines protected them against MPP + -induced 
cell death (Choi et al., 2001; Hartmann et al., 2001). Indeed, 
Hartmann and colleagues have reported that both general 
caspase inhibition and inhibition selective for caspase-8 result 
in an increase in MPP ^-mediated toxicity in rat mesencephalic 
cultures 24 hr after the addition of toxin, which they have 
attributed to a switch from apoptotic to necrotic cell death. We 
found, in contrast, that both the expression of baculoviral p35 
and the administration of the caspase-9 specific inhibitor 
LEHD-FMK resulted in an attenuation of TH + cell death in 
murine mesencephalic cultures in vitro up to 24 hr after MPP + 
addition. In addition and in agreement with these data, we 
found that neuronal expression of p35 in vivo resulted in 
significant attenuation of dopaminergic SN cell loss and striatal 
dopamine/HVA levels up to 7 d after MPTP administration. 
Our studies clearly imply that caspase inhibition is protective 
against MPTP-induced cell death and suggest that strategies 
involving specific caspase inhibition could have utility in the 
treatment of Parkinson's disease. 
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Caspase-3 is an effector of apoptosis in experimental models of 
Parkinson's disease (PD). However, its potential role in the human 
pathology remains to be demonstrated. Using caspase-3 immuno- 
histochemistry on the postmortem human brain, we observed a 
positive correlation between the degree of neuronal loss in dopa- 
minergic (DA) cell groups affected in the mesencephalon of PD 
patients and the percentage of caspase-3-positive neurons in these 
cell groups in control subjects and a significant decrease of caspase- 

3- positive pigmented neurons in the substantia nigra pars com- 
pacta of PD patients compared with controls that also could be 
observed in an animal model of PD. This suggests that neurons 
expressing caspase-3 are more sensitive to the pathological process 
than those that do not express the protein. In addition, using an 
antibody raised against activated caspase-3, the percentage of 
active caspase-3-positive neurons among DA neurons was signif- 
icantly higher in PD patients than in controls. Finally, electron 
microscopy analysis in the human brain and in vitro data suggest 
that caspase-3 activation precedes and is not a consequence of 
apoptotic cell death in PD. 

The pathological hallmarks of Parkinson's disease (PD) are a 
loss of dopaminergic (DA) neurons in the mesencephalon 
and the presence of Lewy bodies in altered neurons. The exact 
cause of this neuronal loss is still unknown, but recent human 
postmortem studies have suggested that, in PD, nigral DA 
neurons die by apoptosis (1-3) as do DA neurons in 1-methyl- 

4- phenyl-l,2,3,6-tetrahydropyridine (MPTP)- treated mice (4, 
5), an in vivo model of PD. However, the significance of purely 
morphological human postmortem features suggestive of apo- 
ptosis remained controversial, and the results of investigations 
into molecular apoptotic markers in PD brains are awaited to 
confirm the morphologic studies (6). 

Extensive in vitro studies in nonneuronal and neuronal cell 
systems indicate that aspartate-specific cysteine proteases 
(caspases) are effectors of apoptosis (7). In neurons, several lines 
of evidence indicate that caspase-3 (CPP32/Yama/Apopain), a 
32-kDa cytosolic protein, plays a major role in the executive 
phase of apoptosis (8, 9). First, cerebral hyperplasia and cellular 
disorganization are observed in caspase-3-deficient mice (10). 
Second, neuronal death in experimental models of several acute 
and chronic neurodegenerative disorders has been associated 
with activation of caspase-3 (11-13). Third, with special refer- 
ence to PD, neurotoxins commonly used to induce experimental 
parkinsonian syndromes, e.g., l-methyl-4-phenylpyridiniurn 
(MPP + ) and 6-hydroxydopamine (6-OHDA), have been shown 
to exert their proapoptotic actions via activation of caspase-3- 
like proteases in neuronal in vitro models (14-16). To date, 
however, cellular expression of caspase-3 has not been studied in 
postmortem brain from patients with PD or any other neurologic 
disorders. In the present study, we thus analyzed caspase-3 



distribution and activation in PD and experimental models of the 
disease. 

Materials and Methods 

Patients and Human Brain Tissue. Mesencephalons were obtained at 
autopsy from five individuals with no known history of psychi- 
atric or neurologic disorders (control group) and from five 
patients with histologically confirmed PD (PD group). Age at 
death and time interval from death to tissue fixation did not 
differ significantly between the control group [79.6 ± 9.6 years 
and 25.4 ± 6.4 hr, respectively (mean ± SEM)] and the PD group 
(70.4 ± 5.3 years and 24.2 ± 5.8 hr, respectively). Within 2 hr of 
autopsy, tissue was dissected and processed as described previ- 
ously (17). 

For the quantitative caspase-3 analysis, free-floating, 40-/xm- 
thick sections taken at the level of the oculomotor nerve fibers 
were used. For the quantitative analysis using the CM1 antibody 
(18), four to five sections covering the whole extent of the 
substantia nigra pars compacta (SNpc) from its rostral to its 
caudal pole of four control and four parkinsonian patients were 
used. Finally, for the ultrastructural analysis using the CM1 
antibody, SN tissue fixed according to a different protocol for 
electron microscopy (19) from one PD patient not included in 
the previous analysis was analyzed. 

MPTP-lntoxicated Mice. Mice were intoxicated subchronically with 
MPTP as described elsewhere (5). In brief, 8-week-old male 
C57BL/6 mice were injected at a 30-mg/kg per day i.p. dosage 
over a period of 5 days and sacrificed after 21 days (n = 6). A 
control group was injected with equivalent volumes of 0.9% 
NaCl (n — 6). The animals were perfused with 4% paraformal- 
dehyde, the brains were removed, and the mesencephalon was 
cut into 20- /urn-thick sections. 

Primary Cultures of Rat Mesencephalon. Primary cultures of rat 
mesencephalon were prepared as described previously (20). 
Apoptosis was induced after 6 days of differentiation, with 
cell-permeant MPP + (Sigma) at a concentration of 1 /xM. 
Cultures were fixed 12, 24, and 72 hr after initiation of treatment. 
All experiments were repeated six times. 
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Immunohistochemistry. Free-floating, 40-/x,m-thick sections were 
pretreated as described previously (17) and incubated with a 
polyclonal rabbit antibody (1:250, 48 hr at 4°C) raised against 
amino acid residues 51 NNKNFHKSTGMTSRSGT 67 located 
within the caspase-3 p20 subunit for quantitative analysis. In 
addition, trial experiments were conducted by using a rabbit 
polyclonal antibody (65906E; PharMingen; 1:250, 48 hr at 4°C) 
raised against recombinant human caspase-3-His6 as immuno- 
gen (21) (1:250, 48 hr at 4°C) or the CM1 antibody raised against 
the C terminus of the human pl7 caspase-3 fragment, 
163 CRGTELDCGIETD 175 , specifically recognizing activated 
(cleaved) caspase-3 (18) (1:2,500, 48 hr at 4°C). The sections 
were revealed as described previously (19). Sequential double- 
labeling experiments were performed by using a rabbit poly- 
clonal anti-ubiquitin antibody (Dako; 1:250, 48 hr at 4°C) and the 
anti-caspase-3 antiserum used for the quantitative analysis or the 
CM1 antibody as described (22). Because the two antigens were 
detected with a different localization within the cell, some 
sections were coincubated with the two antibodies (anti- 
ubiquitin and caspase-3 or CM1) at the same time for the 
illustrations. Similarly, mesencephalon sections from MPTP- 
treated and control mice first were incubated for 48 hr at 4°C 
with an anti-tyrosine hydroxylase (anti-TH) mouse mAb (1:500; 
Incstar, Stillwater, MN), TH-positive neurons were localized and 
counted, and then sections were unstained and reincubated with 
a rabbit polyclonal antibody (67341A; PharMingen; 1:500, 48 hr 
at 4°C) recognizing murine procaspase-3, previously tested by 
Western immunoblotting (data not shown). Control experiments 
were performed in which one or the other of the primary antisera 
was omitted. No staining was observed under these conditions. 

Fluorescent double-staining experiments were performed on 
mesencephalic sections mounted on gelatin-double-coated 
slides, as described previously (23), to analyze simultaneously 
caspase-3 and TH. 

TH immunocytochemistry in primary cultures of rat mesen- 
cephalon was performed as described previously by using FITC 
as fluorochrome (20). Cultures then were incubated with the 
CM1 antibody at 1:2,500 for 24 hr at 4°C and revealed by using 
TRITC as fluorochrome. The cell-permeant fluorescent marker 
Hoechst 33258 (1 /x,M; Boehringer Mannheim) was added to the 
cultures for 15 min at room temperature to assess the morphol- 
ogy of normal and apoptotic (i.e., condensed, fragmented) cells. 

Western Immunoblotting. Specificity of the antibodies was ana- 
lyzed on Western blots of human SN homogenates from control 
and parkinsonian patients. Homogenates of SNpc were fraction- 
ated, and the proteins (50 fxg) were separated by PAGE and 
transferred onto nitrocellulose membranes. Jurkat cell lysates 
(15 jxg) were used as positive control. To positively detect the 
cleaved pl7 fragment of caspase-3 using the CM1 antibody, 15 
ixg of Jurkat cell lysates was preincubated with 500 ng of human 
recombinant caspase-3 (PharMingen) for 60 min at 37°C. The 
membranes were incubated for 48 hr at 4°C with the caspase-3 
polyclonal antibody (1:1,000) or the CM1 antibody (1:5,000) and 
revealed as described (23). 

Electron Microscopy. Ultrastructural analysis of CMl-immunopo- 
sitive DA neurons was performed as described previously with 
minor modifications (24). 

Regional Quantification and Image Analysis. For each stained sec- 
tion, caspase-3-positive and -negative pigmented DA neurons 
were counted in the central gray substance (CGS), ventral 
tegmental area (VTA), and SNpc by using a computer-based 
image analysis system (visiOSCAN; Biocom, Les Ulis) (19). The 
SNpc was subdivided into lateroventral, medioventral, and dor- 
sal tiers according to the regional vulnerability of nigral DA 
neurons established by Fearnley and Lees (25). Because the 



degree of neuronal loss and, thus, the absolute number of 
pigmented neurons varies between PD patients, the results were 
expressed as the percentage of pigmented neurons that were 
stained for caspase-3. For activated caspase-3 staining, immu- 
noreactive DA neurons were counted exclusively in the SNpc 
without regional subdivisions because of the low numbers of 
immunoreactive neurons detected, which made a statistical 
analysis of SNpc subdivisions irrelevant. The total number of DA 
neurons in the mesencephalon was estimated as described 
previously (19), and the mean percentage of neuronal loss within 
the CGS, VTA, and SNpc in our sample was calculated. The total 
number of CMl-positive neurons in the SNpc was estimated by 
using the same method. 

For the mice, the SNpc was delineated based on the distri- 
bution of TH-positive cells at identical levels for all mice and 
analyzed by using the same methodology as for the human 
postmortem sections. 

Cultures were analyzed by phase-contrast and standard epi- 
illumination fluorescence microscopy and by computer-assisted 
image analysis (IMSTAR, Paris). Counting was performed at 
X20 in eight fields per horizontal axis and eight fields per vertical 
axis per well. Six wells were analyzed per experimental condition. 

Statistical Analysis. Intergroup differences (control vs. PD) in the 

percentage of caspase-3 immunoreactive neurons were com- 
pared by Student's / test or, in the event of failure in normality 
test, by Mann- Whitney rank sum test. Correlations were deter- 
mined by linear regression analysis. 

Results 

Specificity of Antibodies Directed Against the p20 Subunit of Human 
Caspase-3 and the Cleaved Caspase-3 pi 7 Subunit. On Western blots 
of proteins extracted from the SNpc of three control subjects and 
three PD patients, two bands were observed by using the 
antibody directed against the caspase-3 p20 subunit: a 32-kDa 
band corresponding to the caspase-3 precursor protein and a 
30-kDa band representing the processed form of caspase-3 
without its prodomain, as described by Kuida et at. (10) (Fig. L4). 
No cleaved plO or p20 caspase-3 fragments were detected either 
in control or in parkinsonian SNpc protein extracts. The same 
result was obtained by using the CM1 antibody with regard to 
pooled SNpc extracts from four parkinsonian patients, as well as 
untreated Jurkat cell lysates. However, when Jurkat cell lysates 
were preincubated with human recombinant caspase-3, a cleaved 
caspase-3 pl7 subunit could readily be detected (Fig. 3A). On 
tissue sections, staining intensity decreased with lower antibody 
dilutions. No staining was observed when the primary antibody 
was omitted. Using a commercial antibody directed against 
caspase-3, an identical pattern of staining was observed on 
transverse mesencephalon sections from two control subjects 
and two PD patients (data not shown). 

Immunohistochemical Detection of Caspase-3 in Control and Parkin- 
sonian Mesencephalon. At the macroscopic level, caspase-3 im- 
munostaining was observed in all mesencephalic subregions. 
Among DA cell groups, staining intensity was high in the SNpc 
(Fig. lB) y moderate in the VTA, and undetectable in the CGS. 
At the cellular level, both pigmented and nonpigmented neurons 
were stained. Immunoreactive glial cells were also observed in all 
mesencephalic subregions. Fluorescent double-staining experi- 
ments with caspase-3 and TH in control human mesencephalon 
sections evidenced the expression of caspase-3 in TH- 
immunoreactive neurons in the SNpc and VTA but not in the 
CGS. Whereas TH immunoreactivity was observed in cell 
perikarya and dendrites, caspase-3 immunoreactivity was con- 
fined to the cytosol of the neuronal perikarya (Fig. 1 C and D). 
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Fig. 1. Characterization of caspase-3 staining. (A) Specificity of the anti- 
caspase-3 p20 polyclonal rabbit antibody. Western immunoblot of caspase-3 
from 50 /ig of SNpc protein extracted from three control and three parkinso- 
nian mesencephalons after SDS/PAGE. Molecular mass markers in the first 
lane are given in kDa and allow identification of caspase-3 protein at molec- 
ular masses of 32 kDa (including prodomain) and 30 kDa (without prodomain). 
(fi) High-power photomicrograph showing cytosolic caspase-3 immunostain- 
ing of SNpc neuromelanin-containing neurons in transverse sections of con- 
trol SNpc. (Cand D) Immunofluoresc'ent dopaminergic neurons in transverse 
SNpc sections of a control subject stained with a caspase-3 polyclonal rabbit 
antibody revealed by fluorescein (Q and a TH monoclonal mouse antibody 
revealed by rhodamine«w (D)- Whereas caspase-3 immunoreactivity is con- 
fined to the cytosol, TH staining can be observed in the perikarya and den- 
drites. The middle portion of the neuron is occupied by neuromelanin. (Bars = 
30 jim.) 



Quantitative Analysis of Caspase-3-Posith/e Pigmented Neurons in the 
SNpc and VTA of Control and PD Patients. The mean total numbers 
(±SEM) of caspase-3-positive and -negative melanized neurons 
in the SNpc and VTA of controls and PD patients are given in 
Table 1. A variable percentage of caspase-3-positive neurons was 
observed within the different mesencephalic catecholaminergic 
cell groups in the mesencephalon of control subjects. These 
percentages showed a positive linear regression with the degree 
of neuronal loss within the CGS, VTA, and SNpc (df: 1; r = 
0.997; P < 0.001), suggesting that expression of caspase-3 in 
certain populations of DA neurons may contribute to their 
vulnerability in this neurodegenerative disorder. This finding was 
in line with the reduced percentage of pigmented neurons that 
were caspase-3-immunoreactive in the SNpc of patients with PD 
(10.8 ± 2.4%) as compared with control subjects (45.2 ± 3.8%) 
(P < 0.001). In contrast, there was no statistically significant 
difference between these percentages in the VTA (controls: 
15.8 ± 3.9%; PD: 17.0 ± 7.0%), which is less affected in PD (17). 
The percentage of caspase-3-positive neurons among pigmented 
neurons was also analyzed in subsectors of the SNpc. It was 
significantly lower in PD patients than in controls in the lat- 
eroventral part (P < 0.001) (controls: 68.4 ± 5.5%; PD: 3.8 ± 
3.8%), in the medioventral part (P < 0.006) (controls: 30.4 ± 

Table 1. Analysis of caspase-3-positive and caspase-3-negative 
neurons in PD 



No. (mean ± SEM) of 
melanized 
caspase-3-positive 
neurons 



No. (mean ± SEM) of 

melanized 
caspase-3-negative 
neurons 



Group 



SNpc 



VTA 



SNpc 



VTA 




Control 388 ± 77 20 ± 7 442 ± 43 120 ± 47 

PD 7 ± 2 3 ± 1 68 ± 15 16 ± 4 



Fig. 2. High-power photomicrograph showing Lewy bodies stained for 
ubiquitin (single arrow) and caspase-3 (triple arrows) in a SNpc neuromela- 
nin-containing (thick arrow) neuron in a transverse section of PD SNpc. 
Note that ubiquitin-containing fibers and extraneuronal melanin can be 
seen. (Bar = 30 /xm.) 



4.9%; PD: 7.4 ± 3.8%), and in the dorsal part (P < 0.001) 
(controls: 47.2 ± 4.2%; PD: 12.4 ± 3.6%). 

An analysis of Lewy body-containing DA neurons detected by 
anti-ubiquitin staining within the SNpc of the five PD patients 
revealed that 52.5 ± 4.0% of the neurons containing Lewy bodies 
were also immunoreactive for caspase-3 (Fig. 2). This percentage 
was significantly higher than the overall percentage of caspase- 
3-postive neurons among all DA neurons (10.8 ± 2.4%) in the 
same group of PD patients (P < 0.001). 

Quantitative Analysis of Caspase-3-Positive DA Neurons in the SNpc of 
MPTP-Treated and Control Mice. To test whether similar decreases 
in caspase-3 immunoreactivity in DA neurons could be observed 
in an animal model of PD, C57BL/6 mice were treated with a 
subchronic regimen of MPTP reported to induce apoptotic 
degeneration of DA SNpc neurons (5) and sacrificed after 21 
days when the degeneration process of DA neurons is completed 
(data not shown). The MPTP group had a significantly lower 
percentage of caspase-3-positive neurons among TH-positive 
neurons (53.0 ± 3.7%) than control mice (67.7 ± 2.4%) (P = 
0.008). 

Quantitative Analysis of Activated, Caspase-3-Positive Pigmented 
Neurons in the SNpc of Control and PD Patients. Using an antibody 
directed against the C terminus of the pl7 fragment of caspase-3 
(CM1) and, thus, specific for the activated form of caspase-3 
(Fig. 3 B-E), we observed 13.6 ±1.7 CMl-positive, melanized 
neurons per SNpc section in control subjects and 7.2 ± 1.1 in PD 
patients. In the SNpc, based on the estimated total numbers, the 
proportion of DA neurons that were CMl-positive was signifi- 
cantly higher in PD patients than in control subjects (PD: 6.5 ± 
3.9%; controls: 1.2 ± 0.2%; Mann-Whitney rank sum test: P = 
0.03). Occasionally, it was possible to detect activated caspase-3 
in Lewy body-containing neurons (Fig. 3F). 

Electron Microscopy Analysis of Nigral DA Neurons Expressing Acti- 
vated Caspase-3 in PD. Cytosolic, activated caspase-3 staining was 
observed in DA SNpc neurons at the ultrastructural level. These 
neurons typically exhibited a condensed perinuclear endoplas- 
mic reticulum (ER) that was suggestive of increased protein 
synthesis (Fig. 4/4). DA neurons displaying classical morpholog- 
ical features of apoptosis, i.e., chromatin condensation, were 
CMl-negative (Fig. 4B). Finally, dopaminergic neurons negative 
for CM1 and without apoptotic features did not display dense 
perinuclear ER aggregates (Fig. 4C). 

Does Caspase-3 Activation Precede Cell Death in Primary DA Cultures 
Treated with MPP + ? To test whether caspase-3 activation precedes 
morphological features of apoptosis as suggested by our electron 
microscopy study, low concentrations (1 /xM) of MPP + , reported 
to induce apoptosis, were applied in primary DA neurons (14). 
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Fig. 3. Characterization of CM1 staining. (A) Specificity of the anti-CMI polyclonal rabbit antibody. Western immunoblot of activated caspase-3 from 50 yt,q 
of SNpc protein extracted from four parkinsonian mesencephalons (lane a), 15 /ig of untreated Jurkat cell lysate (lane b), and 15 fig of Jurkat cell lysate 
preincubated with 500 ng of human recombinant caspase-3 for 60 min at 37*C (lane c) after SDS/PAGE. Molecular mass markers in the first lane are given in kDa 
and allow identification of the cleaved p17subunit at molecular masses of 17 kDa in lane c {A)- Note that in the homogenate of the parkinsonian SNpc, activated 
caspase-3 is not detectable because of its presence in only a few cells. (S-D) High-power photomicrograph showing cytoso lie-activated caspase-3 immunostaining 
(CM 1 antibody) of SNpc neuromelanin-containing neurons in transverse sections of control SNpc. (£) High-power photomicrograph showing Lewy bodies stained 
with antiubiquitin (arrow) and co-CM1 immunostaining of SNpc neuromelanin-containing neurons in transverse sections of PD SNpc. Note the presence of both 
Lewy bodies and CM1 staining in a single neuron. (Bar = 30 ^m.) 



Cultures fixed 12 hr after treatment showed a significantly higher 
percentage of CM 1 -positive neurons among TH-positive neu- 
rons (32.4 ± 3.6%) than control cultures (13.1 ± 3.3%) (P = 
0.004) whereas neuronal cell loss represented only 3.8% at this 
time point. After 24 hr, this percentage of CM 1 -positive neurons 
was lower but still significantly higher (P — 0.015) in the 
MPP + -treated cultures (13.9 ± 1.2%) than in the control 
cultures (8.4 ± 1.4%) whereas neuronal cell loss represented 
18.8%. Finally, at 72 hr after treatment, this percentage was even 
higher in the control cultures (7.9 ± 1.7%) than in the MPP + - 
treated cultures (4.6 ± 3.0%). At this time, neuronal loss reached 
78.5%. Concomitant Hoechst 33258 staining did not allow DNA 
condensation to be detected in CM 1 -positive DA neurons after 
12 hr of MPP + treatment (Fig. 5 A-C). In contrast, DNA 
condensation within DA neurons was observed after 72 hr and 
accompanied by CM1 staining (Fig. 5 D-F). 

Discussion 

Caspase-3 Is Expressed in Postmitotic DA Neurons. Activation of 
caspase-3 has been reported in several models of neuronal 
apoptosis in vitro or in vivo (11-13), but only one study has 
reported caspase-3 expression in the human central nervous 
system (21). In the present study, almost half of the pigmented 
DA neurons expressed caspase-3, indicating that proapoptotic 
effectors indeed are present in a latent state and do not require 
to be newly synthesized should a proapoptotic pathway be 
engaged. This is in agreement with recent in vitro studies showing 
that caspase-3 activation in various neuronal cell death para- 
digms is posttranscriptional (26, 27). 

Caspase-3 May Be a Vulnerability Factor for Pigmented DA Neurons. 

A relationship between the presence of caspase-3 in DA neurons 
and their sensitivity to PD is supported by the analysis of the 
different catecholaminergic cell groups in the control mesen- 
cephalon. Indeed, a positive correlation between the estimated 
percentage of caspase-3-positive neurons among pigmented 
neurons in the CGS, VTA, and SNpc in control subjects and the 
percentage loss of pigmented neurons in these regions in PD was 
shown in our study (19). Such a relationship also was observed 
in the subregions of the SNpc, but only partially. Whereas the 
highest percentage of caspase-3-positive neurons was observed 
in the lateroventral part of the structure (68.4%), where neu- 
ronal loss is most severe in PD [91% according to Fearnley and 



Lees (25)], it is higher in the dorsal part of the SNpc (47.2%) than 
in the ventromedial part (30.4%), where neuronal loss is 56% 
and 71%, respectively. This apparent discrepancy may be due 
either to differences in delineation of the SNpc subregions or to 
the presence of additional factors in one of these subregions (28). 
Of course, these speculative arguments leave the possibility open 
that, within the SNpc, the distribution of caspase-3 does not 
contribute to regional vulnerability. Alternatively, the regional 
vulnerability of DA neurons in the parkinsonian SNpc probably 
observes a more complex distribution (29) than reported initially 
by Fearnley and Lees (25). The relationship between the pres- 
ence of caspase-3 in DA neurons and their sensitivity to PD is 
supported further by a 76% decrease in melanized SNpc neurons 
that are caspase-3 -positive in PD patients compared with con- 
trols. A significant, 22% decrease of DA neurons expressing 
caspase-3 also was observed in mice subchronically intoxicated 
with MPTP. Yet, this decrease was less pronounced than in the 
human sample. This is probably due to the less severe degener- 
ation of DA neurons in the SNpc in mice (20%) compared with 
that observed in PD patients (85%). Furthermore, the percent- 
age of caspase-3-positive neurons was increased 3.9-fold in Lewy 
body-containing DA neurons as compared with DA neurons 
without Lewy bodies. Given the suggestion that the presence of 
Lewy bodies represents an indicator of neuronal suffering 
and/or damage (30) and the fact that incidental Lewy body 
disease is considered by some authors to be a presymptomatic 
form of PD (31), the increased expression of caspase-3 in Lewy 
body-containing neurons is in line with the hypothesis that 
caspase-3 is a probable effector of apoptotic cell demise. Taken 
together, these findings suggest that caspase-3-expressing neu- 
rons are particularly prone to degenerate in PD if caspase-3 is 
activated during the course of the disease. However, it should be 
emphasized that term "vulnerability factor" is based on a 
probabilistic rather than deterministic definition. Because about 
50% of neurons that degenerate in PD do not express caspase-3 
in control SNpc neurons — at least on a detectable scale — our 
assumption is that the presence or absence of caspase-3 does not 
dictate cell fate but may, however, be a necessary cofactor for 
eventual cell death. Furthermore, the presence in control sub- 
jects of caspase-3 in DA cell groups that are more susceptible in 
PD and its absence in cell groups that are preserved in PD also 
reinforces this notion. However, this argument is purely correl- 
ative and does not exclude that another effector caspase, such as 
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Fig. 4. Electron microscopy photomicrograph of PD SNpc showing mela- 
nized dopaminergic neurons recognizable by their neuromelanin-containing 
vesicles: with cytosolic precipitates (thin arrows) corresponding to activated 
caspase-3 staining (CM1 antibody) [A; note the dense peri nuclear endoplasmic 
reticulum (thick arrows)]; with apoptotic morphology including chromatin 
condensation (arrows) (fi; note that no CM1 staining can be detected); and 
displaying neither morphological features of apoptosis nor CM1 staining (C; 
note that the endoplasmic reticulum is less dense than in Fig. SA). (Bars = 
1 /Am.) 



caspase-7, may substitute for caspase-3 in a subset of DA neurons 
during the apoptotic process. 

The Percentage of Activated Caspase-3-Positive Nigral DA Neurons Is 
Increased in PD. CMl-positive DA neurons were detected both in 
PD and in control SNpc. Their absolute number per section was 
higher in control than in PD mesencephalons. However, if the 
mean estimated total number of CMl-positive DA neurons per 
section was corrected for the mean estimated total number of 
TH-positive neurons, the relative percentage of CMl-positive 
neurons was about five times higher in the PD group. In both 
groups, these numbers probably reflect a perimortem phenom- 
enon related to hypoxia secondary to the patients' agonal state. 
Indeed, in vitro data show that hypoxia is a potent stimulator of 
apoptotic death in neurons (32). The number of activated 
caspase-3 neurons is in agreement with previous studies showing 



Fig. 5. Immunofluorescent dopaminergic neurons in primary cultures of rat 
mesencephalic neurons fixed after 12 hr of 1-^tMMPP + treatment stained with 
a TH monoclonal mouse antibody revealed by FITC (A) and a rabbit polyclonal 
antibody recognizing activated caspase-3 (CM1) revealed by tet ram ethyl rho- 
damine B isothiocyanate (B). Hoechst 33258 staining reveals an intact nucleus 
in this neuron (C, arrow). (Bar = 20 jum.) In contrast, in a TH-positive neuron 
(D) with CM1 staining (£), DNA condensation assessed by Hoechst 33258 can 
be detected after 72 hr of MPP + treatment {F f arrow). Note that a higher 
magnification was used to show DNA condensation. (Bar = 10 /urn.) 



that the number of DA neurons undergoing apoptosis at the time 
of death is around 1-2% in control and 5-6% in PD brains (1, 
2, 33, 34). Given the slow rate of neuronal degeneration in PD, 
especially at an advanced stage of the disease, as encountered in 
our sample, it is unlikely that this relatively high percentage 
reflects a primary disease process. Thus, it is likely that nigral 
DA neurons in parkinsonian brains already are altered and have 
a higher vulnerability to apoptosis in response to deleterious 
stimuli, e.g., hypoxia. In this context, one recent human post- 
mortem study has shown that in control brains, the number of 
terminal deoxynucleotidyltransferase-mediated dUTP-biotin 3' 
end labeling (TUNEL)-positive neurons was correlated with 
tissue pH, taken as an index of perimortem hypoxia in control 
subjects (2). Furthermore, it should be noted that if CM1 
immunoreactivity reflects caspase-3 activation, the latter 
does not necessarily correlate with an eventual apoptotic cell 
death (35). 

Caspase-3 Activation Probably Precedes and Does Not Cooccur with 
Chromatin Condensation During Apoptosis. A key question related 
to the increased proportion of neurons expressing activated 
caspase-3 in the parkinsonian SNpc is to know whether caspase-3 
activation is associated with cell death or a consequence of it. 
This issue was addressed by experiments performed on post- 
mortem material and cell cultures. Using the CM1 antibody, 
electron microscopy did not reveal any staining in DA neurons 
exhibiting classic morphological features of apoptosis such as 
chromatin condensation. In contrast, those DA neurons that 
were immunore active for CM1 typically showed a dense perinu- 
clear ER suggestive of increased protein synthesis. DA neurons 
negative for CM1 and without apoptotic features did not display 
dense perinuclear ER aggregation. Because protein synthesis has 
been shown to be a common although not necessary feature of 
neuronal apoptosis (36-38), we suggest that caspase-3 activation 
in these neurons marks the beginning of the effector phase of 
apoptosis. However, once the program has been completed, 
activated caspase-3 can no longer be detected, possibly because 
of degradation of the protease itself. 

Low-Dose MPP + Activates Caspase-3, Which Precedes Chromatin 
Condensation During Apoptosis. The ultrastructural findings in the 
human postmortem brain are supported by the present in vitro 
data showing that caspase-3 is activated early in the course of DA 
cell death after treatment with a low concentration of MPP + . 
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Concomitant DNA condensation as assessed by Hoechst 33258 
staining can be observed only in late stages of cell demise and 
probably reflects the transition from caspase activation to cell 
death. The reason why CM1 staining still can be detected in cells 
displaying signs of nuclear fragmentation in DA cell cultures 
compared with the ultrastructural postmortem analysis may be 
related to the mode of identification of DA neurons: in culture, 
TH positivity is required for phenotypical identification, which 
implies at least basic cell viability and, thus, overall enzymatic 
activity, whereas human DA neurons are identified by their 
neuromelanin content, the presence of which is not related to 
cell viability. DA neurons positive for CM1 in the control 
condition constitute, independently of the time of analysis, 
around 10% of all DA neurons. This caspase-3 activation 
probably reflects spontaneous cell death related to astrocytic 
factors, which results in the death of about 80% of all DA 
neurons within the first 10 days of culture, representing a mean 
loss of 8% of cells per day (39) and, therefore, is in agreement 
with the present data on CM1 immunoreactivity. The finding 
that caspase-3 activation precedes DNA condensation suggests 
that it is not a consequence of cell death but associated with this 
process. Thus, caspase-3 activation after MPP + intoxication 
strengthens the changes observed postmortem in a PD model 
open to experimental manipulation. This also appears important 
because caspase-3 activation in experimental PD models so far 
has relied on inhibitor studies, which are unable to demonstrate 
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unambiguously specific caspase-3 activation (14, 16). The 
caspase inhibitor most widely used to block caspase-3, zDEVD- 
CHO, also inhibits caspase-7 potently (40). 

In conclusion, although activation of several distinct upstream 
pathways may lead to degeneration of nigral DA neurons, 
caspase-3 may represent a common integration point and, thus, 
may constitute an attractive target for antiapoptotic therapy in 
PD. In this context, it is interesting to note that caspase-3 
activation precedes chromatin condensation and the final break- 
down of the cell, a stage at which neuroprotective strategies are 
likely to fail. However, at present, potential side effects induced 
by the use of caspase inhibitors, such as neoplasia formation and 
the induction of autoimmune disorders, must be taken into 
consideration unless cell-specific drug targeting can be achieved. 
Furthermore, the long-term viability and functionality of DA 
neurons potentially rescued by caspase inhibitors remain to be 
determined. 
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Differential proteolytic activity and induction of 
apoptosis in fibrous versus atheromatous plaques 
in carotid atherosclerotic disease 
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Purpose: Atherosclerotic plaque instability may be a contributing factor to plaque complications, such as rupture, 
thrombosis, and embolization. Of the two types of plaques, atheromatous and fibrous, the atheromatous type has been 
reported to be vulnerable and unstable. This instability may be related to changes in the cell cycle and extracellular 
matrix degradation. Apoptosis may weaken the plaque structurally. In addition, alteration of the cellular component 
may lead to imbalances in associated proteolytic activity. Our study was designed to compare the two types of plaques 
in terms of apoptosis, apoptosis-inducing factors, namely Fas/CD95/APO-l and CPP-32/YAMA/caspase-3, and pro- 
teolytic activity. 

Methods: Carotid artery plaques were obtained from patients undergoing endarterectomy and were classified as either 
atheromatous or fibrous on the basis of established criteria. Histologic study included hematoxylin and eosin staining, 
VerhoefPs van Gieson elastin staining, and trichrome staining. Detection of apoptosis was performed with the TUNEL 
assay. Immunohistochemical studies were performed to localize the expression of CPP-32/YAMA and Pas/CD95. 
Gelatin gel zymography was used to compare proteolytic activity levels in the two types of plaque. 
Results: Apoptosis was significantly higher (P < .001) in atheromatous plaques (4.90% ± 1.27% [SEM]) as compared 
with fibrous plaques (0.86% ± 0.46% [SEM]). Zymography demonstrated elevated levels of proteinases in atheroma- 
tous plaques. Immunohistochemistry revealed significant increases in the expression of Fas/CD95 (P < .04) and CPP- 
32/YAMA (P < .001) in atheromatous plaques as compared with that in fibrous plaques. 

Conclusions: This is the first study comparing molecular factors that render atheromatous plaques more susceptible to 
rupture than fibrous plaques. The higher number of apoptotic cells seen in atheromatous plaques as compared with 
fibrous plaques could contribute to their greater instability. Immunoreactivity to cytoplasmic death domain, Fas/CD95 
and CPP-32/YAMA, a prominent mediator of apoptosis, was consistent with the numbers of apoptotic cells detected. 
The increased levels of proteolytic activity in atheromatous plaques may make these plaques more prone to rupture. 
These data identifying some of the molecular events and biochemical pathways associated with plaque vulnerability may 
help in the development of new strategies to prevent plaque rupture. (J Vase Surg 2001;33:614-20.) 



In carotid atherosclerotic disease, fibrous and athero- 
matous plaques have exhibited different levels of stabil- 
ity. 13 Fibrous plaque is made up of more than 70% 
collagen -rich tissue that is thought to stabilize and prevent 
rupture, 4 whereas atheromatous plaques, characterized by 
having high lipid content, thin fibrous cap, and abundant 
macrophages, are known for their instability. 5 Although 
data support the clinical differences between these two 
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types of plaques, few studies have investigated the differ- 
ent types of plaques by use of modern biochemical and 
molecular biological techniques. 

Previous studies by us, as well as by others 6 > 7 have 
demonstrated increased levels of apoptosis and signaling 
molecules of the apoptotic cascade in atherosclerotic 
plaques as compared with normal arterial tissue. 
Specifically, changes in the expression of the members of 
the Bcl-2 family, p53, MDM2, CPP-32, and cyclin Dl 
have been reported. 6 " 9 It has been proposed that apopto- 
sis, especially of the smooth muscle cells (SMCs) in the 
fibrous cap and the underlying media, weakens the plaque 
structurally to the point of rupture whereas death of 
macrophages and that of other cells contribute to the for- 
mation of soft plaque cores and therefore make them vul- 
nerable. 1012 However, the magnitude of apoptosis and 
the signaling molecules involved in apoptosis in fibrous 
versus atheromatous plaques have not been examined. 

Plaque rupture may also be affected by the stability of 
extracellular matrix (ECM). Remodeling of the arterial 
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ECM 13 occurs during ail phases of human atherosclerosis 
and is a process regulated at the levels of both synthesis and 
degradation of matrix components. The macrophages and 
T-cells associated with chronic inflammation are known to 
secrete cytokines that can stimulate the production of met- 
alloproteinases in the neighboring SMCs and endothelial 
cells. Elevated levels of proteolytic activity can cause 
an increase in ECM degradation and affect plaque stabil- 
ity. 14 " 20 However, there is no report comparing proteolytic 
activity in vulnerable atheromatous plaques and stable 
fibrous plaques. 

This study was performed to determine potential fac- 
tors that may predispose atheromatous and fibrous 
plaques to rupture. Degree of apoptosis, along with the 
levels of known inducers of apoptosis, Fas/CD95/APO-l 
and CPP-32/YAMA/caspase-3, were compared between 
the two types of plaque. Proteolytic activity was examined 
in fibrous and atheromatous plaques with the goal of 
observing differences that may explain varying plaque sta- 
bility between fibrous and atheromatous plaques. 

MATERIALS AND METHODS 

Patients. Two hundred consecutive patients, admit- 
ted for primary carotid endarterectomy to the vascular 
surgery division of Maimonides Medical Center between 
April 1998 and February 1999 were considered for this 
study. Institutional Review Board approval was obtained 
for procurement of specimens, and all patients gave 
informed written consent for the study. These carotid 
endarterectomy specimens were stained by hematoxylin 
and eosin and screened for type of plaque by an anatomic 
pathologist (L.Z.) blinded to the clinical symptoms and 
identity of each patient. Only five of the specimens were 
found to be fibrous, whereas the rest were atheromatous 
by standard criteria. 17 * 20 The definition of fibrous plaque 
was a complete lack of histologically identifiable atheroma 
(macrophages and cholesterol). These plaques were made 
up of only fibrous tissue. The five fibrous plaques and 
eight randomly selected atheromatous plaques were cho- 
sen for the study. 

Preoperative imaging. All patients underwent preop- 
erative carotid artery duplex ultrasound scanning. Carotid 
artery duplex scanning was performed by registered vascular 
technologists at a laboratory accredited by the Intersocietal 
Commission for the Accreditation of Vascular Laboratories, 
as part of the preoperative evaluation of these patients. The 
common carotid, internal carotid, and external carotid arter- 
ies were scanned bilaterally for the presence of occlusion or 
stenosis. 2123 The arteries were scanned in transverse and 
longitudinal sections with B-mode and color- flow imaging. 
Local percent stenosis was estimated as a 10% interval, that 
is, 60% to 70%. This interval reading accounted for mea- 
surement error and variability. 24 Velocity criteria were used 
to confirm these data. The University of Washington crite- 
rion was used to corroborate stenosis > 50% with a peak sys- 
tolic velocity more than 125 cm/s. 21 An end-diastolic 
velocity of 100 cm/s 25 > 26 was used to corroborate severe 
stenosis > 70%. All patients who underwent carotid 



endarterectomy had > 60% stenosis. None of the lesions 
were identified as ulcerated or inhomogeneous by duplex 
scanning. 

Tissue specimens. Carotid artery plaques were 
obtained immediately after endarterectomy. All operations 
were performed with standard surgical techniques and min- 
imal manipulation of the specimen. One half of each speci- 
men was fixed in paraformaldehyde and embedded in 
paraffin, whereas the remainder was snap-frozen immedi- 
ately in liquid nitrogen and stored at -70°C until extraction. 

Histologic study. Paraffin -em bedded tissues were 
sectioned transversely at 5-|im thickness and mounted on 
3-aminopropyltriethoxysilane-coated slides. Five random 
sections from each specimen were used for analysis. In 
addition to routine hematoxylin and eosin staining used to 
select specimens for the study, Gomori's one-step 
trichrome staining was performed to differentiate between 
collagen and smooth muscle fibers, and VerhoefPs van 
Gieson elastic tissue staining was performed to observe the 
elastin network in the specimens. 

DNA in situ end-labeling. Detection of apoptosis in 
the carotid artery plaques was performed with terminal 
deoxynucleotidyl transferase (TdT)-mediated digoxigenin- 
deoxyuridinetriphosphate (dUTP) nick end-labeling of 
free 3' OH DNA termini of fragmented DNA present in 
the apoptotic cells (TUNEL), with the ApopTag kit 
(Intergen, Purchase, NY) as previously described. 29 The 
tissue sections were deparaffinized, rehydrated, and incu- 
bated in 3% citric acid to remove calcium vesicles. Nuclei 
were stripped of proteins by incubation with 20 ug/mL 
proteinase K (Oncor, Gaitherburg, Md) for 15 minutes at 
45°C. After equilibration in buffer for 5 minutes, sections 
were covered with reaction buffer containing TdT enzyme 
and digoxigenin-dUTP and incubated in humidifying 
chambers for 1 hour at 37°C. One negative control 
slide (per batch) was incubated in the absence of TdT 
enzyme. Positive control used was tumor tissue. After end- 
labeling, the slides were immersed in stop-wash buffer for 
20 minutes at 37°C. Blocking solution containing anti- 
digoxigenin antibody (sheep polyclonal) conjugated to flu- 
orescein was applied on tissue and incubated for 30 minutes 
at 37°C in humidifying chambers. The antibody solution 
was washed away with three changes of phosphate- buffered 
saline solution for 5 minutes each. End-labeling was visu- 
alized after counterstaining with propidium iodide and 
observing the fluorescence under a Zeiss Axiophot fluo- 
rescence microscope (Carl Zeiss, Inc, Thorn wood, NY). 

Immunohistochemistry. The primary antibodies 
used in this study were mouse monoclonal antibodies for 
CPP-32 and Fas (DAKO, Carpentaria, Calif). Formalin- 
fixed paraffin -em bedded tissue sections were deparaf- 
finized and rehydrated. Antigen retrieval was performed by 
heat treatment at 95°C with 0.01 mol/L citrate buffer, pH 
6.0. After the endogenous peroxidase activity was 
quenched with 0.3% hydrogen peroxide, the tissue sections 
were incubated with primary antibodies CPP-32 at 1:200 
dilution and Fas at a dilution of 1 :200 for 1 hour at room 
temperature. Sections were incubated with biotinylated 
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Fig 1. Apoptosis in fibrous and atheromatous plaque. Yellow- 
green fluorescence represents TUNEL-positive apoptotic bodies 
against red background of propidium iodide counterstained 
nuclei of nonapoptotic cells. (Original magnification xlOOO.) 



% of Apoptotic Cells 




Fibrous Atheromatous p < .000 i 

Fig 2. Apoptosis in fibrous and atheromatous plaque. 
Differences in incidence of apoptosis between fibrous and athero- 
matous plaque. Cumulative data of all atheromatous and fibrous 
plaques were obtained. Number of apoptotic cells per thousand 
cells were counted manually at high-power magnification (origi- 
nal magnification xlOOO) for each specimen (random fields were 
selected). 



secondary antibody for 30 minutes at room temperature. 
The bound primary antibodies were detected with the 
LSAB2-HorseRadishPeroxidase detection system (DAKO). 
The peroxidase reaction was developed with diaminoben- 
zidine tetrachloride to produce a brown color at sites of 
immunoreactivity. Subsequently, the slides were counter- 
stained with Mayers' hematoxylin for 1.5 minutes. Tumor 
tissue was used as a positive control. The primary antibody 
was omitted and substituted with an unrelated antibody at 
the same dilution to check the specificity of the immuno- 
histochemical reactions. 

Quantification. Cells only positively stained by 
TUNEL and containing apoptotic bodies were referred to 
as "apoptotic cells." Thus, multiple criteria were used to 
identify apoptotic cells: TUNEL staining and morpho- 
logic markings including chromatin condensation. Cells 



with these features have been confirmed to be apoptotic 
with electron microscopic analysis in previous studies by 
us 28 and by others. 29 The number of apoptotic cells per 
thousand cells were counted manually at high-power mag- 
nification (xlOOO) for each specimen (random fields were 
selected). The apoptotic index was calculated as the num- 
ber of apoptotic cells divided by the total number of cells 
times 100. Cells positive for Fas and CPP-32 were counted 
manually at original magnification x 400. Cells with no 
nuclear staining, positive nuclear staining, and cytoplasmic 
staining were quantified in six random fields per section. 
Five sections per specimen were analyzed. The number of 
positive cells is presented as a percentage of the total. 

Protein extraction and estimation. Tissue samples 
were minced and homogenized in salt buffer (50 mmol/L 
Tris HC1 pH 7.5; 2 mol/L NaCl; 0.02% Na Azide). After 
centrifugation, the supernatants were dialyzed against 
0.05 mol/L Tris HC1 pH 7.9 overnight at 4°C. Total pro- 
tein in the dialysate was determined by use of the Pierce 
protein microassay kit (Pierce Chemical Co, Rockford, 111) 
as per the manufacturer's instructions. 

Zymography. Proteolytic activity in the extracts was 
identified by use of substrate gels containing gelatin. 
Extracts with equalized amounts of protein were mixed in 
sample buffer in 1:2 ratio and 30 |iL loaded on 10% poly- 
acrylamide gels impregnated with gelatin (1 mg/mL) 
(BioRad, Hercules, Calif). Electrophoresis was performed 
under nonreducing conditions and at a constant voltage of 
100 V. The gels were renatured for 30 minutes at room 
temperature and developed overnight in a 37°C water 
bath. The zymograms were stained in 0.5% (wt/vol) 
Coomassie blue for 20 minutes. Destaining was per- 
formed in 40% methanol and 10% acetic acid in distilled 
water until gelatinolytic activity was seen as clear bands 
against a background of stained gelatin. Polyacryl amide 
gel electrophoresis under reducing conditions was used to 
evaluate protein content. 

Statistical analysis. The clinical data, risk factors, and 
histologic and immunohistochemical findings were ana- 
lyzed with the Student t test and y}. The Fisher exact test 
was used to compare the results obtained in the different 
groups. Statistical analyses were performed with. Winks 
4.21 program (Texasoft, Cedar Hill, Tex) and Instat 2.05a 
programs (Graphad, San Diego, Calif). 

RESULTS 

Patient demographics 

There were seven men and six women with ages rang- 
ing from 63 to 85 years (mean, 73.6 ±1.9 years). Eight of 
the patients had symptoms (history of stroke, transient 
ischemic attack, or amaurosis fugax), whereas five were 
symptom free. Patient demographics, risk factors, and 
clinical symptoms are given in Table I. None of the 
women were receiving hormone replacement therapy. 

Histologic study 

Fibrous plaques were observed to contain more smooth 
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Table I. Clinical risk factors 



Atheromatous (n -8) Fibrous (n = 5) 





Asymptomatic (n = 3) 


Symptomatic (n -5) 


Asymptomatic (n =3) 


Symptomatic (n =2) 


P value 


Age ± SEM (y) 


727 ± 2.9 


73.2 ± 3.6 


69.7 ± 3.2 


82 ± 2 


NS 


Male/female (7:6) 


2:1 


3:2 


1:2 


2:0 


0.67 


Diabetes mellitus (n = 4) 


0 


2 


2 


0 


0.56 


Hypertension (n = 5) 


1 


3 


0 


1 


0.44 


Tobacco (n = 7) 


0 


4 


1 


2 


0.6 


P values compare atheromatous with fibrous plaque. 










Table II. Histopathogic findings 












Atheromatous (n = 8) 




Fibrous (n =5) 






Asymptomatic (n -3) 


Symptomatic (n - 


5) Asymptomatic (n = 3) Symptomatic (n = 2) 


Plaque rupture 


1 


2 








Cap thinning 


2 


2 








Plaque necrosis 


1 


2 








Cap foam cells 


2 


1 








Macrophages 


2 


4 








Intraplaque fibrin 




1 








Intraplaque hemorrhage 


3 


3 


1 







muscle cells (identified with anti-alpha actin staining and 
morphologic study) than atheromatous plaques. VerhoefPs 
elastin staining and trichrome staining also showed a more 
developed extracellular matrix in atheromatous plaques 
than in fibrous plaques. The histopathologic findings in the 
patient groups are summarized in Table II. 

Apoptosis detection 

We observed that most of TUNEL-positive cells occur 
within the inflammatory regions of atheromatous plaques, 
composed mostly of macrophages, smaller number of T 
lymphocytes, and few B lymphocytes (data not shown). 
The atheromatous plaques contained 4.9% ± 1.27% 
TUNEL-positive apoptotic cells as compared with 0.86% ± 
0.46% cells in the fibrous plaques (P< .001). In the athero- 
matous plaques, TUNEL-positive cells were most predom- 
inant in the lipid core, followed by the fibrous cap and the 
plaque shoulder region. There were fewer apoptotic cells in 
the medial layers. On the other hand, fibrous plaque 
demonstrated an even or scattered distribution of the less 
than 1% TUNEL-positive cells (Figs 1 and 2). The apop- 
totic index in the symptomatic group was 3.26, and that in 
the asymptomatic group was 3.45 (P= .47). There was no 
correlation of apoptosis with the degree of stenosis. 

Immunohistochemical localization of the expression of 
mediators of apoptosis 

CPP-32/YAMA. Cells expressing CPP-32 were 
preferentially located in areas of atheromatous plaques 
that had increased evidence of apoptosis, namely lipid 
core, fibrous cap, and shoulder region. In the atheroma- 



tous plaque, 20.3% ± 1.78% of the cells were CPP-32 pos- 
itive, whereas in the fibrous plaque, significantly fewer 
cells were positive (11.7%; P< .001) (Fig 3). 

Fas. There were 17.5% ± 2.35% of positive cells in the 
atheromatous plaques and no reactivity in the fibrous 
plaques (P < .04). This correlated with the apopotic cell 
death observed in serial sections of these specimens (Fig 
3). We could quantify the immunoreactivity to this 
inducer of apoptosis, although the specimens demon- 
strated weakly positive staining results. 

Zymography. Zymograms with extracts used from 
carotid artery plaque specimens demonstrated proteolytic 
activity. However, there was increased gelatinolytic activity 
in the atheromatous plaques as compared with the fibrous 
samples. The activities ranged from 68-94 kDa (Fig 4); 
however, the band intensities were not quantified. 

Clinicopathologic correlation 

With the risk factors analyzed, diabetes mellitus, 
hypertension, and smoking (Table I), no correlation could 
be established between plaque type and clinical symptoms. 
Patients who had quit smoking were considered as positive 
for tobacco use. 

DISCUSSION 

The data from this study suggest significant differ- 
ences in the apoptotic cascade in between atheromatous 
and fibrous carotid artery plaques. We have observed 
greater numbers of apoptotic cells in atheromatous 
plaques as compared with fibrous plaques. Programmed 
cell death in the atheromatous plaques was mainly found 
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Fig 3. A, Immunohistochemical localization of CPP-32 in 
atheromatous plaques. Note positive staining (brown) for CPP- 
32. (Original magnification x400.) B, Immunohistochemical 
localization of Fas in atheromatous plaques. Note positive stain- 
ing result (brown) for Fas. (Original magnification x400.) 
C, Negative control. (Original magnification x400.) 



within regions of inflammatory cell infiltration. In con- 
trast, apoptotic cells in fibrous plaques were distributed 
throughout the whole plaque. Therefore, they may not be 
able to undermine or compromise plaque stability. 6 * 7 In 
addition, programmed cell death of SMCs may lead to 
imbalances in secretion of proteases associated with 
them, 29 whereas cell debris of dead macrophages and 



other cells may contribute to gruel formation. It has been 
suggested that the death of SMCs can be detrimental for 
plaque stability because most of the interstitial collagen 
fibers that are important for the tensile strength of the 
fibrous cap are produced by SMCs. 30 Because SMCs and 
macrophages have been characterized as the key cell types 
involved with matrix turnover, a high degree of apoptosis 
in atheromatous plaques may account for their relative 
instability when compared with fibrous plaques. 

The apoptosis observed by TUNEL assay identifies 
DNA fragmentation that occurs at the final phase of the 
apoptotic cascade. Kockx and Herman 30 found that dur- 
ing TUNEL assay if aspecific labeling is avoided, as in this 
study, the percentage of apoptosis was low in atheroma- 
tous plaques. The half-life of apoptotic cells is only a few 
hours. Even a low incidence of apoptosis has great cell 
kinetic significance because the short duration of the 
apoptotic process makes it histologically inconspicuous. 
Previous reports have emphasized that a small proportion 
of apoptotic cells visualized in tissue sections can represent 
a considerable magnitude of cell loss. 7 ' 11 * 31 

Cysteine protease CPP-32/YAMA is an inducer for 
mammalian programmed cell death and is an early marker 
of apoptosis. 32 Our data demonstrate decreased immuno- 
positivity for CPP-32 in fibrous plaques. The fact that cells 
expressing CPP-32 are preferentially present in the lipid 
core, fibrous cap, and shoulder regions lends credence to 
the finding of a significant number of apoptotic cells in 
these regions. CPP-32 has been shown to lead to apopto- 
sis by cleaving and deactivating poly (ADP-ribose) poly- 
merase, an enzyme required for DNA repair and genome 
integrity. 32 Recent studies have demonstrated the expres- 
sion of CPP-32 in apoptotic cells of carotid artery 
plaques. 9 Our data not only corroborate these findings 
but also show differential expression of CPP-32 in the two 
types of plaques studied. 

Fas is a cellular death domain protein that is activated 
by Fas ligand in the apoptotic pathway. 33 > 34 The positive 
expression of Fas/CD95 in atheromatous plaques, as 
compared with its negative immunoreactivity in fibrous 
plaques, was consistent with the greater numbers of apop- 
totic cells observed in these plaques. Because fibrous 
plaques demonstrated no detectable immunopositivity for 
Fas, even after repeated immunohistochemical staining, it 
is possible that cells in the fibrous plaques do not go 
through the same apoptotic pathway as those in athero- 
matous plaques. In the atheromatous plaques, Fas seemed 
to colocalize with inflammatory cells in the necrotic core. 
Scant expression of Fas may be expected because these 
cells are either absent or present in small numbers in 
fibrous plaques. 

Atherosclerotic plaque stability also may depend on the 
structural integrity of its extracellular matrix skeleton. We 
observed increased proteolytic activity in atheromatous 
plaque as compared with fibrous plaques. Reduction of 
ECM, compromising plaque stability, may result from 
either decreased synthesis of ECM by SMCs or its 
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increased breakdown by proteolytic enzymes produced by 
macrophages and other ceils in the arterial wall. The loss of 
SMCs could lead to imbalances in the secretion of metal- 
loproteinases and possibly other associated proteases. 
Matrix metalloproteinases have been shown to destabilize 
the atherosclerotic plaques through proteolytic activity, 
leading to degradation of the ECM. 13 ' 17 * 20 * 35 Evidence 
exists that proinflammatory molecules stimulate the secre- 
tion of metalloproteinases. 17 ' 19 ' 35 Plaques with reduced 
tensile strength have been shown to have greater density of 
metalloproteinase -producing macrophages. This directly 
correlates with reduced collagen and elastin content. 19 In 
view of the fact that atheromatous plaques have large 
amounts of macrophages present in the lipid core as com- 
pared with fibrous plaques, it was hypothesized and con- 
firmed by our data that atheromatous plaques have 
increased levels of proteolytic activity. Zymography 
demonstrated elevated proteolytic activity in the atheroma- 
tous plaques, and the activities were in the 68- to 94-kDa 
range. This observation is comparable to that of several 
previous studies identifying these activities to correspond 
to those of metalloproteinase (MMP)-2 and -9 active and 
latent forms. Because the numbers in this study are small, 
we have not attempted to correlate our data with instabil- 
ity such as cap thinning, plaque necrosis, and hemorrhage. 

The presence of tissue inhibitors of metalloproteinases 
(TIMPs) in the specimens was not examined. Fabunmi et 
al 18 reported that plaques contained abundant amounts of 
TIMP-1, TIMP-2, and TIMP-3 and that macrophages 
and SMCs express these factors. Inflammatory molecules 
augment the levels of TIMP-1 and TIMP-3 but not of 
TIMP-2, suggesting that TIMPs in the plaques and in the 
arterial wall counteract MMP activity to influence plaque 
stability. Thus the role of TIMPs may be a confounding 
factor that deserves consideration. 

The screening of 200 carotid endarterectomy spec- 
imens demonstrated that most of the plaques were of 
the rupture-prone atheromatous type. Conversely, it 
must be noted that there was no significant difference 
in programmed cell death between asymptomatic and 
symptomatic plaques. This may be due to the small 
numbers of patients. However, this finding is in accor- 
dance with those reported previously, which indicated 
that no correlation could be established between clini- 
cal symptoms and specific histologic and biochemical 
characteristics of the plaque. Other investigators have 
found no differences between asymptomatic and symp- 
tomatic groups with respect to plaque hemorrhage, the 
presence of a necrotic core, smooth muscle infiltration, 
and plaque type (fibrous, calcified, or necrotic). 1 ' 3 
Recently, another group found significantly elevated 
levels of MMP 9 but not MMPs 1, 2, or 3 in carotid 
artery specimens, but only in the patients with symp- 
toms within 1 month of surgery. 14 This suggests that 
although plaque composition and structure may deter- 
mine whether a plaque would be symptomatic, other 
factors such as heterogeneity, changes in physical 



Fig 4. Gelatin zymography of atheromatous and fibrous plaque 
extracts. (Representative zymogram with one atheromatous spec- 
imen extract and one fibrous specimen extract. A total of five 
atheromatous plaques and five fibrous plaques were analyzed.) 
Note prominent bands of gelatinolytic activity in atheromatous 
plaque. Molecular weights are shown on the left. C, Positive con- 
trol; Ath, atheromatous; Fib, fibrous. Activities ranged from 68 to 
94 kDa. 

characteristics of the plaque in response to hemody- 
namic forces, or a combination of factors may play a sig- 
nificant role. 

The pathogenesis of intraplaque events in atheroscle- 
rotic carotid artery plaques remains a matter of debate. 
Our data indicate that plaque instability may be caused by 
programmed cell death of SMCs and inflammatory cells 
along with ECM degradation. The clear differences in the 
degree of apoptosis, level of expression of mediators of 
apoptosis and proteolytic activity between the two groups 
may be correlated with plaque vulnerability. The challenge 
remains to further elucidate molecular events and the 
mechanisms involved to develop future modalities for pre- 
vention of plaque rupture. 
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This study aimed to investigate the features of cell death occurring in aortocoronary saphenous 
vein bypass grafts. Human aortocoronary saphenous vein bypass grafts with angiographic luminal 
stenosis of >75% were explanted from 14 patients at redo coronary artery bypass grafting. Pro- 
teins associated with apoptotic pathways were identified immunohistochemically using antibodies 
to Bcl-2, Fas, BAX, p53 and CPP32. Cells undergoing DNA fragmentation were identified by ter- 
minal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL). DNA synthesis was 
investigated using the antibody to proliferating cell nuclear antigen (PCNA). Ultrastructural fea- 
tures of cell death were examined by electron microscopy. Anti-apoptotic (Bcl-2) and pro-apoptotic 
(Bax, p53, CPP32 and Fas) proteins were expressed throughout the graft wall, but marked differ- 
ences in the characteristics of cell death were noted between atherosclerotic and non-atheroscler- 
otic areas of the intima. In atherosclerotic areas, pro-apoptotic proteins were widely expressed, 
but ultrastructural analysis failed to identify cells showing typical features of apoptosis. In these 
areas, necrotic cells were frequently observed, with negative correlation of Bcl-2 expression with 
TUNEL. Pro-apoptotic proteins showed no correlation with TUNEL. In contrast, in non-atheroscler- 
otic areas of vein grafts, the expression of both anti-apoptotic (Bcl-2) and pro-apoptotic proteins 
(p53 P Bax and CPP32) correlated with TUNEL. In atherosclerotic areas, non-atherosclerotic intimal 
areas, and in the underlying media, the numbers of TUNEL+ cells correlated with PCNA positivity. 
Ultrastructurally, apoptotic bodies and features of necrosis were observed in non-atherosclerotic 
areas of grafts. The present observations indicate that in atherosclerotic areas, cell death occurs 
mainly by necrosis, while in non-atherosclerotic areas, cell death occurs by both necrosis and 
apoptosis. An imbalance between DNA fragmentation and DNA synthesis may contribute to graft 
instability and failure. © 2001 The International Society for Cardiovascular Surgery. Published by 
Elsevier Science Ltd. All rights reserved 

Keywords: apoptosis. atherosclerosis, cell death, coronary artery disease, necrosis, saphenous vein 
bypass grafts 
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Introduction 

The long-term usefulness of aortocoronary 
saphenous vein bypass grafts (ASVBGs) used as con- 
duits in coronary artery bypass grafting (CABG) is 
limited by a disease complex [1-4] comprised of 
intimal hyperplasia and atherosclerosis [5,6], with 
both processes related to cell death. 

Cell death is a significant event in graft preser- 
vation [7, 8] and rejection [9-1 5] , being recognized 
as a contributing factor to the failure of various 
grafts, including cardiac [16-18], neuronal [15], 
hepatic [14], renal [19] and pancreatic [20] trans- 
plants. Cell death has also been noted in vascular 
diseases [13, 21-25]. Specifically, apoptosis 
(programmed cell death) has been observed in trans- 
plant rejection [9-14] and has recently been reported 
as an important contributor to the formation of pri- 
mary atheromas, restenotic lesions [26-29], and in 
experimental atherosclerotic models [30-34]. 

The present study aimed to investigate the struc- 
tural features of cell death in ASVBGs using immu- 
nohistochemical markers and electron microscopy. 

Materials and methods 

This study was approved by the Institutional Review 
Board of the St Vincent's Hospital, Sydney, Aus- 
tralia. Informed consent was obtained from all 
patients prior to collection of specimens and the 
materials collected in accordance with the principles 
outlined in the Declaration of Helsinki [35]. 

Specimen collection and clinical data 

Human aortocoronary saphenous vein bypass grafts 
with luminal stenosis of >75% as demonstrated by 
angiography, were explanted from 14 patients at 
redo coronary artery bypass graft operation at the St 
Vincent's Hospital, Sydney. The patients (11 male 
and 3 female) were aged between 51 and 75 yr 
(mean age 66.6 yr) with the graft implant time rang- 
ing from 8 to 22 yr (mean 12.9 yr). The clinical 
details of patients are summarized in Table 1. Some 
of the grafts have been examined previously for the 
presence of dendritic cells [36]. However, in this 
study, different segments of the grafts were used and 
were processed separately. Ten segments of normal 
long saphenous veins were harvested from patients 
undergoing femoro-popliteal bypass graft operation 
that served as a control to compare the degree of 
histological alteration occurring in stenotic 
saphenous vein bypass grafts. 

Tissue preparation 

Areas of macroscopic luminal stenosis affecting 
explanted vein grafts were identified and divided into 
two segments: one to undertake immunohistochemi- 



stry, and the other for electron microscopy. Normal 
veins were similarly divided into two segments. For 
immunohistochemical analysis, the segments were 
fixed in 10% neutral buffered formalin and embed- 
ded in paraffin. Consecutive parallel sections of 5 (am 
thickness were cut and air-dried. Sections were 
stained with haematoxylin and eosin for routine his- 
tological examination. For transmission electron 
microscopic analysis, adjacent segments were fixed 
in 2.5% glutaraldehyde in 0.1 M phosphate buffered 
saline (pH 7.4). 

Histology and selection of graft areas for 
further quantitative analysis 

Routine microscopic examination of vein grafts dem- 
onstrated two distinct forms of graft occlusion: four 
out of the 14 grafts (29%) resulted from an 
organized fibrotic thrombus, while the remaining 
(71%) were due to the development of atheroscler- 
otic lesions associated with mural thrombosis. For 
quantitative analysis, six specific areas within each 
graft were identified and analyzed. These included 
areas of hyperplastic intima affected by atheroscler- 
osis evidenced by the presence of foam cells. The 
non-atherosclerotic intima was classified into two, 
namely, the cellular and acellular areas. Acellular 
areas were those that consisted primarily of extra- 
cellular connective tissue matrix that contained less 
than 35 cells per microscopic field of 200x200 um 2 
examined at x400 magnification. Cellular areas were 
those that contained larger numbers of intimal cells 
in comparison to acellular areas, with lower extra- 
cellular matrix content. Cellular and acellular areas 
of the media were similarly selected. Areas of neovas- 
cularization in the media were also analyzed. 

Immunohistochemical examination for the 
expression of apoptosis-related proteins 

Apoptosis-related proteins, including anti-apoptotic 
(Bcl-2) and pro-apoptotic (Fas, p53, BAX and cas- 
pase-3) proteins were detected using monoclonal 
antibodies to Bcl-2, Fas, p53, and BAX, and poly- 
clonal antibody to CPP32 (that labels caspase-3). 
The working concentrations of the antibodies are 
detailed in Table 2. 

Immunohistochemical analysis was carried out 
using the standard avidin-biotin complex (ABC) 
immunoperoxidase technique [37]. Deparaffinized 
sections were treated by boiling in citrate buffer (pH 
6.0) to retrieve antigenicity. All sections were 
blocked with 3% hydrogen peroxide (peroxidase 
blocking) prior to staining. Sections to be stained 
with the antibody to CPP32 were additionally 
blocked with 1% normal goat serum (protein 
blocking). After washing in Tris-buffered saline 
(TBS, pH 7.6), sections were incubated in the pri- 
mary antibody for 60 min, followed by incubation 
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Table 1 Clinical characteristics of aortocoronary saphenous vein bypass grafts 3 



Patient 


Sex 


Age 


1st surgery 


2nd surgery 


Mean graft implant 
time (years) 


Hypercholesterolemia 


•\ 


M 


73 


1989 


1 QQQ 


in 




2 


p 


71 


1989 


1 QQQ 


in 

1 u 


+ 


3 


M 


74 


1988 


1999 


11 


+ 


4 


M 


74 


1978 


1999 


21 


+ 


5 


F 


71 


1991 


1999 


8 




6 


M 


75 


1983 


1999 


16 




7 


M 


69 


1986 


1998 


12 




8 


M 


64 


1985 


1998 


13 


+ 


9 


F 


55 


1988 


1998 


10 




10 


M 


51 


1987 


1998 


11 


+ 


11 


M 


52 


1990 


1998 


8 


+ 


12 


M 


64 


1982 


1998 


16 




13 


M 


70 


1985 


1998 


13 


+ 


14 


M 


69 


1977 


1999 


22 


+ 



a Hypercholesterolaemia: +indicates serum cholesterol level >5.5 mmol/1; —indicates serum cholesterol level <5.5 mmol/1 



Table 2 Antibodies used in the study 



Designation 


Type 3 


Clone 


Specificity Source 


Working dilution 


PCNA 


M 


PC 10 


Proliferating cell nuclear DAKO 


1:50 








antigen 




sma 


M 


ASM-1 


Smooth muscle ot-actin Novocastra 


1:25 








(smooth muscle cells) 




CD68 


M 


PG-M1 


CD68 DAKO 


1:50 








(macrophages/monocytes) 




CD3 


P 




CD3 (T cells) DAKO 


1:500 


Fas 


M 


FAS9 


FAS receptor Zymed 


1:100 


P53 


M 


DO-1 


Transcription factor p53 Immunotech 


1:50 


BAX 


M 


2D2 


Human BAX protein Zymed 


1:50 


Bcl-2 


M 


BC12-100 


Bcl-2 oncogene Zymed 


1:50 


CPP-32 


P 




Caspase-3 DAKO 


1:50 



a M - monoclonal antibody; P - polyclonal antibody 



in the appropriate secondary antibody (horse anti- 
mouse, Vector BA-2000 or goat anti-rabbit. Vector 
BA-1000) for 20 min, and finally with ABC (Elite 
Vector PK-6100) for 30 min. The immunological 
reaction was visualized by treating in 3,3'-diaminob- 
enzidine (DAB) solution for 2 min, which gave a 
brown colouration. Sections were counterstained 
with Mayer's haematoxylin. For negative control, the 
primary antibody was omitted or the sections treated 
with an immunoglobulin fraction of suitable non- 
immune serum as a substitute for the primary anti- 
body. No positive staining was observed in any of 
the negative control sections. Sections were exam- 
ined under an Olympus microscope at xlOO and 
x400 magnifications. 

In situ analysis of DNA fragmentation 

In situ detection of DNA fragments using TUNEL 
is commonly used to investigate apoptosis [38, 39]. 
During apoptosis, cleavage of genomic DNA yields 
double-stranded, low molecular weight DNA frag- 



ments along with single strand breaks ('nicks') of 
high molecular weight DNA. TUNEL labels these 
DNA strand breaks with modified nucleotides [38, 
39], However, TUNEL may not only label the early 
stage of orderly DNA fragmentation in apoptosis, 
but also the nuclear breakdown during the later 
stages of necrosis [38, 40]. Hence, although the 
demonstration of DNA fragmentation in atheroscler- 
otic plaques may provide direct evidence for the 
presence of degenerating cells, it does not completely 
discriminate between apoptotic and necrotic cell 
degeneration [38, 40]. To overcome this uncer- 
tainty, in the present study we employed TUNEL 
labelling to localize and quantify cells dying both by 
apoptosis and necrosis with an in situ death detec- 
tion kit (1684817, Boehringer Mannheim), and the 
differentiation carried out by electron microscopy. 
Deparaffinized sections were rehydrated, following 
which they were incubated with proteinase K (20 
ug/ml in 10m M Tris/HCl, pH 7.4) for 15 min and 
washed with TBS. DNA fragments were labelled 
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Figure 1 Cell composition in different areas of aortocoronary saphenous 
vein bypass grafts 

with fluorescein-dUTP. The terminal transferase 
and the labelled DNA fragments were detected with 
alkaline phosphatase (AP)-conjugated antibody 
against fluorescein. Fast red was used as the sub- 
strate solution, rendering a pink colour to labelled 
nuclei. 



Immunohistochemical analysis of DNA synthesis 

DNA synthesis was identified using the monoclonal 
antibody to proliferating cell nuclear antigen (anti- 
PCNA), employing the ABC immunoperoxidase 
technique [37] as described earlier. 

Identification of different cell types 

Cell type specific antibodies, including anti-CD68 
(to identify macrophages), anti-CD3 (T- 
lymphocytes) and anti-a-SMA (smooth muscle actin 
to identify smooth muscle cells), were used. The 
working concentrations of the antibodies are detailed 
in Table 2. 

Quantification and statistics 

In every specimen, the expression of apoptosis- 
related proteins, the numbers of TUNEL+ cells, 
PCNA+ cells, and the cellular composition were 
evaluated on consecutive sections in each of the six 
areas, namely (1) atherosclerotic areas, (2) cellular 
and (3) acellular non-atherosclerotic hyperplastic 
intima, (4) cellular and (5) acellular areas of the 
media, and (6) areas of neovascularization in the 
media. In each area, the total cell number and the 
number of cells stained by peroxidase/AP 
(brown/pink staining) were counted at a high magni- 
fication (x400) in five randomly chosen fields from 
each section. The average cell counts of the cellular 
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Figure 3 DNA fragmentation (A) and DNA synthesis (B) in aortocoronary 
saphenous vein bypass grafts. Numerous TUNEL+ (A) and PCNA+ (B) cells 
are evident in the cellular intima. (A): TUNEL immunoreactivity in the non- 
atherosclerotic cellular intima. (B): PCNA positivity around inflammatory 
infiltrates at the base of the non-atherosclerotic cellular intima. TUNEL — 
In Situ Death Detection Kit AP; PCNA — ABC immunoperoxidase tech- 
nique. Counterstaining with Mayer's haematoxylin. (A,B) xlOO 

and acellular intima in each specimen were taken to 
be the count of the intima for that specimen for each 
variable. Similarly, the average values of the cellular 
and acellular media were taken to be the count of 
the media for that specimen for each variable. All 
variables were presented as a percentage of the total 
number of cells in that area. 

Differences in mean were determined by the Stud- 
ent's r-test. A value of P<0.05 was considered sig- 
nificant. Correlation between groups was determ- 
ined by Pearson's rank correlation coefficient. SPSS 
program (version 7.0, Educational Edition) was used 
to obtain statistical calculations. 

Electron microscopy 

For ultrastructural analysis, the specimens were cut 
transversely into small pieces of 2-3 mm through all 
the layers of the vessel (tunica intima, media and 
adventitia), and postfixed in 1% osmium tetroxide. 
Specimens were dehydrated in graded ethanol before 
embedding in Araldite resin. Semithin sections were 
stained with Toluidine blue, and analysed for sel- 
ecting areas for ultrathin sectioning. Ultrathin sec- 



tions stained with uranyl acetate and lead citrate 
were examined with the aid of a Hitachi H7000 elec- 
tron microscope at an accelerating voltage of 75 kV. 

Results 

Cellular density 

In general, the cellular density was higher in the 
intima than in the media. In atherosclerotic plaques, 
cells of macrophage origin (CD68+) were the major 
cell type (mean 63.89±4.95%, range 33.3-87.0%; 
Figure 1) with most exhibiting a foam cell appear- 
ance. The percentages of T-lymphocytes and smooth 
muscle cells in plaques varied from 0 to 45.8% 
(mean 20.73+3.24%), and from 0 to 65.4% (mean 
25.51+5.66%) respectively {Figure 1). In non-athero- 
sclerotic intimal areas, smooth muscle cells were the 
predominant cell type (mean 41.23+3.00%, range 
19.7-68.9%; Figure 1). Similarly, in the media, 
smooth muscle cells were the major cell type (mean 
39.82±4.57%, range 1.0-68.1%; Figure 1). 

Expression of apoptosis-related proteins 

Anti-apoptotic (Bcl-2) and pro-apoptotic (p53, Fas, 
Bax and CPP-32) proteins were expressed in all areas 
of grafts. A high level of Bcl-2 positivity was found in 
atherosclerotic plaques (mean 35.32+9.00%, range 0- 
90.5%), approximately 6.1 times higher than in the 
adjacent intima (mean 5.68+2.1%; range 0-20.0%) 
and media (mean 5.8±1.38%, range 0-14.8%). p53 
expression was localized in cellular areas of the intima 
[mean 22.64+3.95%, range 2.2^4.0%; Figure 2(A)]. 
High levels of p53 immunostaining were also observed 
in the atherosclerotic areas [mean 19.06+5.48%, range 
0-42.2%; Figure 2(B)] and were four times higher 
than that in the media (mean 4.64+1.45%, range 0- 
13.5%). Bax immunoreactivity was most prominent in 
the non-atherosclerotic cellular intima [mean 
52.17+7.19%, range 0.7-91.8%; Figure 2(C)]. In 
atherosclerotic areas, its expression was 
40.36+4.10% [range 24.5-70.4%; Figure 2(D)], while 
in the media, only 1 1.05+2.8% of cells expressed Bax 
(range 0.3-26.1%). CPP32+ cells were mostly located 
in the cellular intima (mean 32.18+5.13%, range 8.1- 
61.0%). In atherosclerotic areas, 28.85+2.41% of cells 
showed positivity (range 11.4—38.7%), while the least 
expression of CPP32 was observed in the media 
(mean 8.42+2.61%, range 0-23.0%). In all areas of 
grafts, Fas expression was lower when compared to all 
other pro-apoptotic proteins, being 5.57+2.94% 
(range 0-33%) in atherosclerotic areas, 3.81+1. 87% 
(range 0-17.5%) in the non-atherosclerotic intima, 
and <0.01% in the media. 

In control veins, the expression of all apoptosis- 
related proteins that were studied was either absent 
or very low (<0.5%). 



CARDIOVASCULAR SURGERY AUGUST 2001 VOL 9 NO 4 



323 



> 



Apoptosis-related proteins and cell death: A. K Wang et al. 



TU>B_ and FOs^ Correlation 
h Atherosclerotic Lesion 




10 20 30 

%pcm 

(b) TlJr>B.atJPCmCorrelabon 
intre Irtrna 




~S £ 3T 

%pcna 

(C) TU^ardFOA Correlation 

intheMeda 






TUNEL 


PCNA 


Kearson 


lUNhL 






Correlation 


PCNA 


.061" 


1.000 


SIg. 


TUNEL 




.000 


(2-tafled) 


PCNA 


.000 




N 


iUnll 




11 




PCNA 


11 


12 



• Correlation b significant at the 0.01 
teve) (2-tafled). 





TUNEL 


PCNA 


Pearson 


lUNfcL 


1000 


™~sw 


Coiieldlkxi 


PCNA 


.810" 


1.000 




TUNEL 




.000 


(2-taflod) 


PCNA 


.000 




N 


TUNEL 


14 


14 




PCNA 


14 


14 



- Correlation Is significant at the 0.01 
level (2-teiled). 





TUNEL 


PCNA 


Pearson lUNbL 

CorretaOon PCNA 


1.000 
.873" 


.8?y 

1.000 


sip. Turn 

(2-tafled) PCNA 


.000 


.000 


N TUNEL 
PCNA 


14 
13 


13 
13 



' Correlation is 
level (2-tafled). 



Figure 4 Correlations between TUNEL+ and PCNA+ cells in atherosclerotic areas (A), the intima (B) and the media (C) of aortocoronary saphenous vein 
bypass grafts, using Pearson correlation coefficient and Student's t-test P values <0.05 were taken as being significant 



TUNEL+ cells and PCNA+ cells 

TUNEL+ cells were distributed unevenly through- 
out the graft wall. 28.67+6.56% of cells stained posi- 
tive for TUNEL in atherosclerotic areas (range 1.0- 
58.4%). Aggregates of TUNEL+ cells were mostly 
present around the necrotic core and these aggre- 
gates were usually localized only at one pole rather 
than being evenly distributed around the necrotic 
core. There were approximately 1.6 times higher 
numbers of TUNEL+ cells in tie non-atheroscler- 
otic intima [mean 27.01±4.63%, range 3.0-54.3%; 
Figure 3(A)] than in the media (mean 
18.73±2.94%, range 2.0-37.7%). In control veins, 
very scarce or no TUNEI^labelled nuclei were 
detected (<0.01%). 

DNA synthesis as demonstrated by PCNA 
expression in control veins was either absent or very 
rare (<0.01%), while in the vein grafts, a large num- 
ber of cells were PCNA+ [Figure 3(B)]. In atheros- 
clerotic areas, the number of PCNA+ cells ranged 
from 0 to 69.5% (mean 25.5516.04%). The non- 



atherosclerotic intima had a slightiy greater pro- 
portion of PCNA+ cells than the media ( 
27.26+2.56% in the intima vs 24.41+3.75% in the 
media). Most PCNA+ cells were located in areas of 
neovascularization in the media (mean 
53.00+7.18%, range 6.3-77.9%) where the percent- 
age of PCNA+ cells was approximately twice as high 
as that in the intima and media. 

Correlation between TUNEL+ cells, PCNA+ 
cells and apoptosis-related protein expression 

The number of TUNEL+ cells strongly correlated to 
the number of PCNA+ cells in atherosclerotic areas 
[r= 0.961, P<0.001; Figure 4(A)] and in the non- 
atherosclerotic intima [r= 0.810, P<0.001; Figure 
4(B)]. Similarly, there was positive correlation 
between TUNEL and PCNA immunoreactivities in 
the media [r= 0.873, P<0.001; Figure 4(C)], How- 
ever, no correlation was noted between the number 
of TUNEL+ and PCNA+ cells in areas of neovascu- 
larization. In these areas, DNA synthesis was notably 
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Figure 5 Correlations between TUNEL+ cells and apoptosis-related protein expressions in different areas within aortocoronary saphenous vein bypass 
grafts. Negative correlations between TUNEL and Bcl-2 positivities were observed in the media (A). In contrast, TUNEL correlated directly with Bax (B) 
and CPP-32 (C) in the media. P values <0.05 were taken as being statistically significant 



higher in comparison to all other areas, but only few 
cells undergoing DNA fragmentation were observed. 

Strong negative correlation was observed between 
Bcl-2+ cells and TUNEL+ cells in atherosclerotic 
areas (r = -0.671, P<0.05). A strong positive corre- 
lation was observed between the numbers of 
TUNEL+ cells and p53+ cells in cellular areas of the 
intima (r = 0.736, P<0.005). In the media, there was 
negative correlation between TUNEL+ cells and 
Bcl-2+ cells [r= -0.731, P<0.007; Figure 5(A)], 
while TUNEL+ cells correlated positively with both 
Bax+ cells [r= 0.872, P<0.001; Figure 5(B)] and 
CPP32+ cells [r= 0.791, P<0.001; Figure 5(C)]. 

Electron microscopic analysis 

Ultrastructural analysis of atherosclerotic and non- 
atherosclerotic intima of grafts demonstrated large 
number of cells showing signs of cellular destruction 
that included features of perinuclear membrane rup- 
ture, plasmalemmal degeneration, and oedema of 



the cytoplasm [Figure 6(A 3 B)]. In non-atheroscler- 
otic areas within the hyperplastic intima as well as 
in the underlying media, some cells contained con- 
densed and fragmented chromatin within the intact 
cytoplasm [Figure 7(A)]. In other cells, the entire 
cytoplasm including the chromatin was fragmented 
[Figure 7(B)], In these cells, the cytoplasmic frag- 
ments were surrounded by an intact membrane and 
contained intact mitochondria [Figure 7(B)]. 
Accumulation of these nuclear remnants and cyto- 
plasmic fragments within macrophages was observed 
in the hyperplastic non-atherosclerotic intima [Figure 
8(A,B)]. In contrast, no chromatin fragmentation 
and no formation of apoptotic bodies were observed 
in atherosclerotic areas. 



Discussion 

The present immunohistochemical observations 
demonstrated that pro-apoptotic proteins were 



CARDIOVASCULAR SURGERY AUGUST 2001 VOL 9 NO 4 



325 



Apoptosis-related proteins and cell death: A. Y. Wang et al. 




Figure 6 Necrotic alteration in cells located in atherosclerotic areas of 
aortocoronary saphenous vein bypass grafts. (A): Destructive changes in 
the nuclear membrane (large solid arrows) and their plasmalemma (open 
arrows) in a foam cell. Small solid arrows show swollen mitochondria con- 
taining destroyed cristae. 'Lipid droplets* are marked by asterisks. (B): 
Destruction of the nuclear membrane and distortion of the chromatin 
within a cell which is characterized by the presence of intact cytoplasm. 
Electron micrographs. Magnifications x7100; x9600 



widely expressed in stenotic saphenous vein bypass 
grafts and corresponded to DNA fragmentation as 
assessed by the TUNEL method. Statistical analysis 
showed a positive correlation between cell death and 
DNA synthesis (P<0.001). In primary atheroscler- 
osis, the degree of cell death relates to the disease 
state [41, 42] with the percentage of TUNEL+ cells 
ranging from 2 to 40% [41, 42]. In the present analy- 
sis, 10 of 14 grafts (71%) failed due to long-term 
atherosclerotic degeneration complicated by throm- 
bosis. In these grafts, TUNEL-positivity in atheros- 
clerotic areas was relatively high. 

The percentage of PCNA+ cells in vein grafts was 
higher when compared to that of primary atheromas 
[43]. The high numbers of TUNEL+ cells and 
PCNA+ cells observed in our study suggests an 
increased cell turnover in vein grafts. This increase in 
cell turnover may contribute towards the accelerated 
atherosclerotic changes, leading to eventual graft fail- 
ure. The incidence of cell death was noted to be 




Figure 7 Apoptotic alterations of cells located in the deep portion of the 
hyperplastic intima of aortocoronary saphenous vein bypass grafts. (A): 
Condensation and fragmentation of chromatin (arrows) in a cell which is 
characterized by intact cytoplasm. (B): Fragmentation of condensed 
chromatin (asterisks) and fragmentation of the cytoplasm. Note that cyto- 
plasmic fragments are surrounded by an intact membrane and are located 
in the extracellular intimal matrix. An intact mitochondrion in a cytoplasm 
fragment is shown by arrow. Electron micrographs. Magnifications: 
X7100; X9600 



higher in atherosclerotic areas when compared to the 
non-atherosclerotic intima, implying that cell death 
may contribute to graft instability due to the forma- 
tion and enlargement of acellular necrotic cores. 

The micro-environmental factors that initiate cell 
death in atherosclerosis are unclear. Our study 
clearly demonstrated that large numbers of 
TUNEL+ cells were located near the necrotic core 
of atherosclerotic lesions. Ultrastructural observation 
of typical necrotic (hypoxic) features suggests that 
oxidative stress, responsible for the generation of oxi- 
dized lipids and free radicals in the plaque, may be 
involved in the initiation of cell death in the graft 
wall. PCNA+ cells exceeded the number of 
TUNEL+ cells by two-fold and was markedly higher 
than in the primary atheroma. This is probably asso- 
ciated with vein graft arterialization and DNA syn- 
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Figure 8 Cell remnants (apoptotic bodies) (arrows) within macrophages 
in the deep portion of the hyperplastic intima in aortocoronary saphenous 
vein bypass grafts (A,B). Electron micrographs x7100: x4200 



thesis in the medial smooth muscle cells, further con- 
tributing to graft instability and enhancing failure. 

In the media, typical ultrastructural features of 
both apoptosis and necrosis were evident. Both Bax-f- 
and CPP32+ cells strongly correlated with TUNEL+ 
cells. However, the extent of these pro-apoptotic 
protein expressions was generally lower than the 
TUNEI^positivity. Anti-apoptotic protein (Bcl-2) 
expression correlated inversely with TUNEL+ cells, 
while p53 expression, although present, showed no 
correlation with TUNEL+ cells, suggesting that 
there exists a complex interaction between pro- and 
anti-apoptotic proteins that may regulate apoptotic 
pathways in the vein graft. 

Conclusion 

The aetiology of long-term ASVBG failure is probably 
multifactorial and is yet to be fully determined [6]. 
Our observations indicate that DNA fragmentation 
and synthesis in both atherosclerotic and non-atheros- 
clerotic areas of vein grafts are higher when compared 
to normal saphenous veins. In atherosclerotic areas of 
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stenotic saphenous vein bypass grafts, cell death 
occurs mostly by necrosis despite a high expression of 
pro-apoptotic proteins. In non-atherosclerotic areas of 
the grafts, including the hyperplastic intima and the 
media, cell death occurs by apoptosis and necrosis. 
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The aim of this study was to investigate whether the caspase-3 inhibitor Ac-DEVD-CHO 
functionally improves stunned myocardium. 

Degradation of troponin I contributes to the pathogenesis of myocardial stunning, whereas 
the role of apoptosis is unknown. Caspase-3 is an essential apoptotic protease that is 
specifically inhibited by Ac-DEVD-CHO. 

Isolated working hearts of rats were exposed to 30 min of low-flow ischemia, followed by 30 
min of reperfusion. Ac-DEVD-CHO (0.1 to 1 /xmol/1) was added 15 min before 
ischemia/reperfusion or 5 min before reperfusion. Cardiac output, external heart power, left 
ventricular (LV) developing pressure and contractility (dp/dt max ) were measured. Apoptosis 
was assessed by TUN EL staining and internucleosomal deoxyribonucleic acid fragmentation. 
Caspase-3 processing and troponin I cleavage were determined by immunoblotting. 
Caspase-3 activity was measured using a fluorogenic substrate. 

The addition of Ac-DEVD-CHO before ischemia/reperfusion or before reperfusion dose- 
dependently and significantly (p < 0.05) improved post-ischemic recovery of cardiac output, 
external heart power, LV developing pressure and dp/dt max> compared with the vehicle 
(0.01% dimethyl sulfoxide). Ac-DEVD-CHO was similarly effective when given before 
reperfusion. Ac-DEVD-CHO blocked ischemia/reperfusion-induced caspase-3 activation, 
but cardiomyocyte apoptosis was unaffected. Troponin I cleavage was not inhibited by 
Ac-DEVD-CHO. 

Caspase-3 is activated in stunned myocardium. Inhibition of caspase-3 by Ac-DEVD-CHO 
significantly improves post-ischemic contractile recovery of stunned myocardium, even when 
given after the onset of ischemia. The mechanism(s) of protection by Ac-DEVD-CHO 
appear to be independent of apoptosis. Inhibition of caspase-3 is a novel therapeutic strategy 
to improve functional recovery of stunned myocardium. (J Am Coll Cardiol 2001;38: 
2063-70) © 2001 by the American College of Cardiology 



A significant reduction of coronary blood flow causes 
myocardial ischemia and contractile dysfunction. The car- 
diac dysfunction often persists for days, even after coronary 
artery perfusion has been re-established. This scenario of 
reversible post-ischemic contractile dysfunction is known as 
myocardial stunning (1). Depressed contractility, with re- 
duced maximal force generation, is a hallmark of stunning 
(2-5). 

Apoptosis is an evolutionary conserved process of pro- 
grammed cell death in response to diverse stimuli, such as 
cardiac development or hypoxia (6). Increased cardiomyo- 
cyte apoptosis has been reported in patients with heart 
failure and experimental myocardial infarction (MI) (7-10). 
The caspase family of cellular proteases initiates and exe- 
cutes apoptotic cell death (11). Caspase-3, a pivotal effector 
caspase, is an essential protease of the apoptotic machinery. 
Caspase-3 proteolytically cleaves a number of death sub- 
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strates and activates endonucleases, leading to internucleo- 
somal deoxyribonucleic acid (DNA) fragmentation, a hall- 
mark of apoptosis (12). Individual caspases differ in their 
substrate recognition sequences, which has allowed genera- 
tion of inhibitors like Ac-DEVD-CHO that specifically 
inhibit caspase-3 (3). Ac-DEVD-CHO is a tetrapeptide 
(Asp-Glu-Val-Asp) based on the caspase-3 substrate rec- 
ognition motif, with an acetylate group coupled to its 
N- terminal (for enhanced chemical stability) and an alde- 
hyde group conjugated to its C-terminal (for irreversible 
inactivation of the caspase-3 catalytic cysteine residue) 
(13,14)- 

In a rabbit and rat model of MI, administration of a 
broad-spectrum caspase inhibitor before infarction signifi- 
cantly reduced the infarct size and rate of apoptotic cells in 
the area at risk (9,10). However, it is unknown whether 
caspase inhibitors functionally improve stunned myocar- 
dium and whether they are effective when given after the 
onset of myocardial ischemia. The latter would be more 
relevant to the clinical situation. 

Therefore, we investigated the effects of the caspase-3 
inhibitor Ac-DEVD-CHO in an isolated working-heart rat 
model of myocardial stunning. Our data suggest that inhi- 
bition of caspase-3 reduces myocardial stunning when 



2064 Ruetten etaL 

Caspase-3 Inhibition Reduces Myocardial Stunning 



Abbreviations and Acronyms 

DM SO = dimethyl sulfoxide 
DNA = deoxyribonucleic acid 
LV = left ventricular 
LVP = left ventricular pressure 
MI = myocardial infarction 



initiated after the onset of ischemia (I), but before reperfu- 
sion (R). Thus, caspase-3 inhibition represents a novel 
therapeutic strategy to improve contractile functional recov- 
ery of stunned myocardium. 

METHODS 

Isolated working-heart rat model. Male, 4- to 6-week-old 
Sprague Dawly rats were anesthetized with pentobarbital 
(60 mg/kg intraperitoneally [IP]), heparinized (500 IU/100 g 
body weight IP). The hearts were removed, and the aorta 
was mounted onto a 1.4-mm cannula and attached to a 
perfusion apparatus (Hugo Sachs Electronic). The hearts 
were perfused with oxygenated (95% oxygen, 5% carbon 
dioxide), noncirculating Tyrode's solution (in mmol/1): 
124.6 NaCl; 4.0 KC1; 2.2 CaCl 2 ; 1.1 MgCl 2 ; 24.9 
NaHC0 3 ; 0.3 NaH 2 P0 4 ; and 11.1 glucose (pH 7.4) at a 
perfusion pressure of 51 mm Hg. After equilibration for 15 
min, the perfusion was switched to the anterograde 
working- heart mode, with a preload of 11 mm Hg and an 
afterload of 51 mm Hg. Aortic pressure was measured 
through a pressure transducer (Hugo Sachs Electronic). 
Left ventricular pressure (LVP) was measured by using a 
micro tipped catheter (SPR 407, 2F, Millar Instruments). 
The maximal rise in LVP was obtained with an electronic 
differentiation system (PLUG SYS, Hugo Sachs Electronic). 
Aortic and coronary flow rates were measured by transonic 
flow probes (Transonic Systems). Heart rate was monitored 
by electrography (Hugo Sachs Electronic), and the hearts 
were paced at 5 Hz. 

Experimental groups and protocols. In 8 to 10 animals in 
each experimental group, global low-flow ischemia was 
induced by reducing the coronary flow to 10%, resulting in 
a reduction of aortic pressure from 51 to 11 mm Hg. 
Low- flow ischemia was maintained for 30 min, followed by 
30 min of reperfusion. External heart power (EHP) per 
gram of left ventricular (LV) wet weight was calculated: 
EHP LV (mj/g per min) = pressure - volume work/heart 
rate. Dimethyl sulfoxide (DMSO; 0.01%; Sigma) as vehicle 
or Ac-DEVD-CHO in 0.01% DMSO final (0.1 to 
1 jimol/1; Alexis) was started 15 min before ischemia or 
5 min before reperfusion and given throughout the reper- 
fusion period. 

Immunoblotting. Tissue was homogenized in lysis buffer 
(10 mmol/1 tris-HCl, pH 8.0; 1% Triton X-100; 0.32 mol/1 
sucrose; 5 mmol/1 EDTA; and 1 mmol/1 phenylmethylsul- 
fonylfluoride), and proteins were separated by sodium 
dodecyl sulfate/polyacrylamide gel electrophoresis (SDS/ 
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PAGE), transferred to PVDF membranes and immuno- 
blotted, as described (15), with the following primary 
antibodies: anti- troponin I (clone C5), anti-mouse actin 
(both Chemicon) or anti-caspase-3 (pi 7 subunit, Santa 
Cruz Biotechnology). Bound antibodies were studied by 
chemiluminescence (Amersham). 

Caspase-3 and calpain enzymatic assays. Myocardial tis- 
sue was homogenized as described previously, and 200 fig of 
protein was used in 700 /llI of caspase-assay buffer (100 
mmol/liter HEPES, pH 7.5; 0.32 mol/1 sucrose; 100 
mmol/1 NaCl; 0.1% CHAPS; 2 mmol/1 dithiotreitol; 10 
/jig/ml aprotinin; 10 jLtg/ml leupeptin; and 10 jwg/ml pep- 
statin A), with 0.24 mmol/1 of DEVD-AFC as the fluoro- 
genic caspase-3 substrate, as described (16). For measuring 
calpain-like activity, 200 /xg of protein was used in 600 /il of 
calpain-assay buffer (60 mmol/1 imidazol, pH 7.5; 5 mmol/1 
L-cysteine; 0.2% Triton X-100; 5 mmol/1 CaCl 2 ; 5 mmol/1 
dithiotreitol; 10 jug/ml aprotinin; 10 jLtg/ml leupeptin; and 
10 jLig/rnl pepstatin A), with 0.24 mmol/1 of fluorogenic 
calpain substrate I (Calbiochem). Purified calpain I (5 U; 
Calbiochem) was used as indicated, and after 60 to 100 s, 
calpain inhibitor I (Roche) or Ac-DEVD-CHO was added 
to the reaction mixture, while the increase in fluorescence 
was still linear. 

Detection of apoptosis. The DNA strand breaks were 
analyzed in situ using 5 -/Am sections with terminal deoxy- 
nucleotidyl transferase (TdT) -mediated dUTP-biotin nick 
end-labeling (TUN EL), as described (15). Internucleoso- 
mal DNA fragmentation ("DNA laddering") was detected 
by incubation of phenol-chloroform extracted DNA with 5 
U of Klenow polymerase and 0.5 /xCi of (a- 32 P)-dCTP, 
followed by gel electrophoresis, as described (16). 
Statistical analysis. All data are presented as the mean 
value ± SEM. Comparisons were performed by analysis of 
variance for comparison of multiple measurements or by the 
paired or unpaired Student / test. A Bonferroni correction 
for multiple comparisons was used to determine the level of 
significance. A p value <0.05 was considered statistically 
significant. 

RESULTS 

Ac-DEVD-CHO improves post-ischemic contractile re- 
covery in a model of myocardial stunning of isolated 
working hearts of rats. As an experimental model of 
myocardial stunning, we used isolated working hearts of rats 
(17). Figure 1A illustrates the experimental protocol: after 
initial stabilization for 15 min, the hearts were treated with 
Ac-DEVD-CHO (0.1 to 1 /imol/l) or vehicle (0.01% 
DMSO) for 15 min before ischemia (8 to 10 hearts per 
experimental group). After 30 min of low- flow ischemia, 
reperfusion was established for 30 min. For the first 15 min 
of reperfusion, the hearts were perfused in the Langendorff 
mode to allow for recovery. Then, perfusion was switched 
back to the working-heart mode. Under these conditions, 
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Figure 1. The caspase-3 inhibitor Ac-DEVD-CHO improves contractile recovery of isolated working hearts of rats exposed to ischemia and reperfusion. 
(A) Schematic diagram of the experimental set-up. (B) Effects of the caspase-3 inhibitor Ac-DEVD-CHO (0.1 to 1 /unol/liter) or vehicle (0.01% DMSO) 
on cardiac output (CO), external heart power per gram of LV wet weight (EHP LV ), left ventricular developing pressure (LVDP) and contractility 
(dp/dt max ). Data are presented as the mean value ± SEM; there are 8 to 10 animals per group. *p < 0.05 versus vehicle-treated group. 



the residual 10% coronary flow during ischemia largely 
prevented MI (17). 

In the control group, cardiac output, external heart 
power, (LV) developing pressure, myocardial contractility 
and aortic and coronary flow (data not shown) severely 
decreased during the ischemic period and remained de- 
pressed during reperfusion (Fig. IB). Treatment of isolated 
hearts with 0.1 to 1 /xmol/1 of Ac-DEVD-CHO (starting 
15 min before ischemia) did not affect cardiac performance 
at baseline or during ischemia. However, Ac-DEVD-CHO 
dose-dependently and significantly (p < 0.05 for 1 ju,mol/l) 
improved the contractile recovery of post-ischemic myocar- 
dium. Just 1 /xmol/1 of Ac-DEVD-CHO significantly 
enhanced cardiac output, external heart power, LV devel- 
oping pressure, myocardial contractility (Fig. IB) and aortic 
and coronary flow (data not shown). 



Figure 2 shows that only 20% to 45% (calculated values 
relative to pre-ischemic baseline value) of post-ischemic 
recovery of the various variables was observed in the vehicle- 
treated group. This indicates severe cardiac dysfunction, 
even after restoration of perfusion. Treatment with 1 juimol/1 
of Ac-DEVD-CHO increased the relative recovery of all 
variables to 60% to 85% of the pre-ischemic values (Fig. 2). 
Ac-DEVD-CHO is equally effective when administered 
before reperfusion. To investigate whether Ac-DEVD- 
CHO protects the myocardium from stunning when ad- 
ministered after the onset of ischemia, Ac-DEVD-CHO 
(1 /Ltmol/1) was started 5 min before reperfusion. This 
scenario more closely resembles the common clinical situa- 
tion of patients presenting with acute coronary syndromes. 

As shown in Figure 2, the group treated with 1 /xmol/liter 
of Ac-DEVD-CHO, started 5 min before reperfusion, led 
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Figure 2. Ac-DEVD-CHO is effective when given 5 min before reperfu- 
sion. The effect of Ac-DEVD-CHO on contractile recovery is shown, 
calculated as percent recovery compared with baseline (pre- ischemic) values 
of left ventricular developing pressure (LVDP), contractility (dp/dt max ), 
aortic flow (AF), coronary flow (CF), cardiac output (CO) and external 
heart power (EHP). Data are presented as the mean value ± SEM; there 
are 8 to 10 animals in each group. Ac-DEVD-CHO was started 15 min 
before ischemia (top) or 5 min before reperfusion (bottom). Note the 
similar beneficial effect of Ac-DEVD-CHO on the relative recovery. *p < 
0.05 versus vehicle-treated group. Open bars = 0.01% DMSO; solid bars 
= 1 ^mol/1 of Ac-DEVD-CHO. 

to a significantly (p < 0.05) improved post-ischemic recov- 
ery of cardiac performance, compared with the vehicle- 
treated group. Specifically, Ac-DEVD-CHO started 5 min 
before reperfusion improved cardiac output, external heart 
power, LV developing pressure, myocardial contractility and 
aortic and coronary flow to a similar degree, compared with 
Ac-DEVD-CHO started 15 min before ischemia (Fig. 2). 
Ac-DEVD-CHO blocks ischemia/reperfusion-induced 
activation of caspase-3. Next, we investigated the effects 
of ischemia/reperfusion and Ac-DEVD-CHO on the acti- 
vation of caspase-3. Caspase-3 exists as an inactive zymogen 
of 32 kD and is activated by proteolytic processing into pl7 
and pl2 subunits (11,12). 

Immunoblotting of rat heart extracts for the pl7 subunit 
of caspase-3 (Fig. 3A, left) detected only the inactive 32-kD 
zymogen in nonischemic hearts. Ischemia/reperfusion 
caused caspase-3 activation, with the appearance of the 
processed pl7 subunit in the vehicle group. Treatment with 
Ac-DEVD-CHO before reperfusion almost completely 



blocked activation of caspase-3 induced by ischemia/ 
reperfusion. 

To determine catalytic activity of caspase-3 in rat heart 
extracts, we used a fluorogenic caspase-3 substrate (Fig. 3A, 
right). When compared with the control group, caspase-3- 
like activity was more than fivefold increased by ischemia/ 
reperfusion in the vehicle-treated group (p < 0.05). Treat- 
ment with Ac-DEVD-CHO from 5 min before reperfusion 
abolished activation of caspase-3, with proteolytic activity 
remaining close to baseline levels (p < 0.05 vs. vehicle- 
treated group). 

These results demonstrate that Ac-DEVD-CHO is able 
to block the ischemia/reperfusion-induced activation of 
caspase-3. 

Effects of Ac-DEVD-CHO on apoptosis. Increased ap- 
optosis has been implicated in MI (9,10). Because Ac- 
DEVD-CHO can block apoptosis in various cell types (12), 
we determined the rate of apoptotic cells by TUN EL 
staining and internucleosomal DNA fragmentation. 

As shown in Figure 3B, we detected single TUNEL- 
positive cells in the nonischemic myocardium, as well as in 
the vehicle- treated and Ac-DEVD-CHO-treated myocar- 
dium subjected to ischemia/reperfusion. The TUNEL- 
positive cells appeared to be mostly cardiomyocytes. Quan- 
titative analysis (5 sectors of —500 cells/sector; n = 4 hearts 
in each group) revealed a significant (p < 0.05) increase in 
the number of TUNEL-positive cells in both the vehicle- 
treated (0.38 ± 0.18%) and Ac-DEVD-CHO-treated 
(0.42 ± 0.31%) groups, compared with nonischemic control 
group (0.05 ± 0.03%). 

This increase in the rate of myocardial apoptosis during 
ischemia/reperfusion was confirmed by the internucleoso- 
mal DNA fragmentation assay. Compared with the non- 
ischemic control group, ischemia/reperfusion caused an 
increase in DNA strand breaks, with the typical "ladder" 
pattern (Fig. 3B, right). The ischemia/reperfusion-induced 
increase in apoptosis was similar in the vehicle-treated and 
Ac-DEVD-CHO-treated groups. 

Effects of Ac-DEVD-CHO on troponin I degradation 
and calpain activity. Because the beneficial effect of Ac- 
DEVD-CHO on contractile recovery was largely indepen- 
dent of apoptosis, we investigated whether Ac-DEVD- 
CHO may inhibit other cysteine proteases, such as calpain. 
Because calpain-mediated cleavage of the thin-filament 
regulatory protein troponin I has been suggested as a 
molecular mechanism of stunning (1), we investigated the 
effects of Ac-DEVD-CHO on troponin I degradation and 
calpain activity. 

Immunoblotting with an anti-troponin I antibody 
showed increased appearance of the characteristic troponin 
I fragment in vehicle- treated and Ac-DEVD-CHO- 
treated hearts subjected to ischemia/reperfusion (Fig. 4A). 
However, Ac-DEVD-CHO started 5 min before reperfu- 
sion did not quantitatively alter the troponin I degradation. 

Using a fluorogenic calpain substrate, we were unable to 
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Figure 3. Ac-DEVD-CHO blocks ischemia/reperfusion (I/R)-induced caspase-3 activation but not apoptosis. (A, left), Immunoblotting of rat hearts with 
an antibody against the pi 7 subunit of caspase-3; three independent experiments are shown. Arrowheads indicate the molecular weight of the inactive 
zymogen (32 kD) and the processed, active subunit (17 kD). (A, right), Caspase-3-like proteolytic activity of rat hearts (percent increase relative to the 
proteolytic activity in control hearts), as measured with a fluorogenic substrate of caspase-3. *p < 0.05. (B, left), Representative photomicrographs of 
myocardial sections stained with the TUNEL technique to detect apoptotic cells in situ in a nonischemic control heart (top), a vehicle- treated heart 
subjected to ischemia/reperfusion (middle) or an Ac-DEVD-CHO- treated heart subjected to ischemia/reperfusion (bottom). Arrows indicate 
TUNEL-positive cells. Magnification 200 X. (B, right) Autoradiogram of radioactively labeled DNA strand breaks, followed by agarose gel electrophoresis; 
results from four independent samples in each group. Equal loading was verified by ethidium bromide staining. Note the internucleosomal DNA 
fragmentation ("ladder pattern") induced by ischemia/reperfusion. 



reproducibly detect measurable calpain-iike proteolytic ac- 
tivity in any of the rat hearts (data not shown). To address 
a potential nonspecific effect of Ac-DEVD-CHO on cal- 
pain, we determined the effects of Ac-DEVD-CHO on 
purified calpain I in vitro. The addition of calpain to its 
substrate caused a linear increase in fluorescence (Fig. 4B). 
While the increase was still linear, calpain inhibitor I or 
Ac-DEVD-CHO was added. Although 100 nmol/1 of 
calpain inhibitor I almost completely inhibited calpain I, the 
same concentration of Ac-DEVD-CHO had little inhibi- 



tory effect. Quantitative evaluation of the remaining cata- 
lytic activity after addition of the inhibitor (Fig. 4C) showed 
that the cysteine protease calpain could be principally 
inhibited by the aldehyde Ac-DEVD-CHO at higher 
concentrations (^1 ^Ltmol/1). However, 10-fold higher con- 
centrations of Ac-DEVD-CHO were needed to achieve an 
equal inhibition of calpain, compared with calpain inhibitor 
I. Taken together, these results indicate that, in vivo, 
Ac-DEVD-CHO does not act primarily through calpain 
inhibition. 
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Figure 4. Effects of DEVD-CHO on troponin I degradation and calpain activity. (A) Immunoblots of rat hearts with an antibody against troponin I (upper 
blots) or actin (lower blots). Arrowheads indicate the molecular weight. The top right arrow indicates full-length troponin I; the lower arrow indicates 
the major degradation product. (B) Effects of 0.1 /xrnol/1 of calpain inhibitor I (left) or Ac-DEVD-CHO (right) on the catalytic activity of 5 U of calpain 
I, as measured in vitro with a fluorogenic calpain I substrate. (C) Quantitative evaluation of the percent activity after addition of the inhibitor, compared 
with the activity measured before addition of the inhibitor. Data are presented as the mean value ± SEM from three independent measurements for each 
data point. 



DISCUSSION 

The caspase-3 inhibitor Ac-DEVD-CHO significantly im- 
proves post-ischemic contractile recovery of isolated work- 
ing hearts of rats. Interestingly, Ac-DEVD-CHO was 
effective even when given after the onset of low-flow 
ischemia. The effects of caspase-3 inhibition appeared to be 
largely independent of cardiomyocyte apoptosis. 
Myocardial stunning and caspase-3 activation. The role 
of apoptosis in the pathogenesis of myocardial stunning is 
unknown. Because caspase-3 is a key protease that executes 



apoptosis, we investigated whether caspase-3 inhibition 
reduces myocardial stunning in an isolated working-heart 
rat model. This model is well established and allows 
study of myocardial contractility in the intact heart, 
independent of compounding factors, such as sympa- 
thetic activity and activation of an immune response (17). 
Indeed, caspase-3 was activated in our model of myocar- 
dial stunning. Thus, our data confirm and extend two 
recently published studies demonstrating activation of 
caspase-3 in a rat and rabbit model of MI (9,10). As 
hypothesized, Ac-DEVD-CHO was able to block the 
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ischemia/reperfusion-induced activation of caspase-3 in 
our experimental model. 

Ac-DEVD-CHO functionally improves stunned myo- 
cardium. In contrast to the vehicle, the caspase-3 inhibitor 
Ac-DEVD-CHO dose-dependently and significantly im- 
proved post-ischemic contractile recovery. Just 1 /xmol/1 led 
to almost a doubling of all contractile variables to 60% to 
85% of the pre-ischemic values. These good recovery rates 
principally achievable with an appropriate pharmacologic 
intervention also demonstrate that low-flow ischemia/ 
reperfusion in our model causes mainly myocardial stunning 
but little if any ML Importantly, Ac-DEVD-CHO was 
equally potent in reducing myocardial stunning when given 
5 min before reperfusion, instead of before the induction of 
ischemia. This scenario being given resembles the clinical 
situation. 

Myocardial stunning and apoptosis. Although the bene- 
ficial effect of caspase inhibitors in experimental MI has 
been attributed to a reduced rate of apoptosis (7,10), our 
data do not support a role for the inhibition of apoptosis as 
the mechanism by which Ac-DEVD-CHO acts on the 
contractile recovery of stunned myocardium. Ac-DEVD- 
CHO neither reduced the number of TUNEL-positive 
cells, nor the amount of internucleosomal DNA fragmen- 
tation. Although ischemia/reperfusion-induced caspase-3- 
activation was associated with a minor increase in the 
number of apoptotic cells and fragmented DNA, there was 
no significant effect of DEVD-CHO on the degree of 
apoptosis. Thus, apoptosis of cardiac myocytes in this 
experimental setting seems to be mediated by a caspase- 
independent pathway. Indeed, a recent study suggests that 
other signalling pathways can induce apoptosis independent 
of the caspase cascade (18). Moreover, it remains to be 
clarified whether an increase of apoptosis of ~0.3% has any 
significant outcome with regard to the early functional 
integrity of the heart. Therefore, the profound improvement 
in post-ischemic contractile recovery by the caspase-3 in- 
hibitor Ac-DEVD-CHO appears to be independent of 
apoptosis in the experimental setting used. These findings 
indicate that the integrity of the contractile apparatus may 
be adversely affected by caspase-3 activation in the myocar- 
dium during stunning. 

Degradation of contractile proteins during myocardial 
stunning. Selective troponin I degradation has been re- 
ported in some (1-5,19), but not all (20), models of 
myocardial stunning. Transgenic overexpression of the ma- 
jor proteolytic troponin I product in the heart is sufficient to 
recapitulate many aspects of myocardial stunning (21). 
Subsequent studies suggested calpain- mediated cleavage of 
troponin I as an underlying mechanism (2-5,19), and 
calpain inhibitor I is able to reduce infarct size (22) and 
improve myocardial stunning (23). Because Ac-DEVD- 
CHO may inhibit other cysteine proteases, such as calpain, 
we investigated whether Ac-DEVD-CHO may inhibit 
troponin I degradation. Consistent with published reports 
(2-5,19), ischemia/reperfusion in isolated working hearts of 
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rats resulted in partial troponin I degradation, which was 
not quantitatively affected by Ac-DEVD-CHO. In vitro, 
purified calpain could be inhibited by Ac-DEVD-CHO. 
However, 1 jwmol/l of Ac-DEVD-CHO achieved only 
partial calpain inhibition, indicating that it acts in vivo, 
primarily through pathway(s) other than calpain inhibition. 
However, we cannot exclude that Ac-DEVD-CHO exerts 
some of its beneficial effects by partial calpain inhibition. 
Calpain or other proteinase(s) may play a pathogenic role in 
our model, because we achieved only incomplete recovery 
with Ac-DEVD-CHO. 

Alternatively, Ac-DEVD-CHO may inhibit cleavage of 
other contractile proteins. Through a data bank search with 
caspase cleavage motifs, we identified a putative caspase 
cleavage site (DEVD 63 ) in cardiac troponin C (12). How- 
ever, immunoblots of rat hearts with troponin C antibodies 
did not show any troponin C degradation during ischemia- 
reperfusion (data not shown). Further experiments will be 
required to identify the molecular target(s) of caspase 
activation during stunning. 

Conclusions. Taken together, in an isolated working-heart 
rat model of myocardial stunning, inhibition of ischemia/ 
reperfusion-induced caspase-3 activation by Ac-DEVD- 
CHO results in a substantial improvement of post-ischemic 
contractile recovery. The observed effects appear to be 
independent of suppression of apoptosis, but most likely 
involve both caspase and calpain inhibition. Regardless of 
the underlying mechanism(s), the use of a caspase-3 inhib- 
itor represents a potentially clinically relevant, novel thera- 
peutic strategy to reduce myocardial stunning. 
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Abstract 

Background Arrhythmogenic right ventricular dys- 
plasia, a disorder that may lead to severe ventricular 
arrhythmias and sudden death, is characterized by 
the progressive replacement of myocardial cells by fat 
and fibrous tissue. We examined whether the loss of 
myocardial cells in this disease could result from cell 
death by apoptosis (programmed cell death). 

Methods Specimens obtained at autopsy from the 
right ventricular myocardium of eight patients with 
arrhythmogenic right ventricular dysplasia and four 
age-matched normal subjects were analyzed. To iden- 
tify individual cells undergoing apoptosis, we per- 
formed in situ end-labeling of fragmented DNA on 
paraffin sections using biotinylated deoxyuridine tri- 
phosphate and the enzyme terminal deoxynucleoti- 
dyl transferase. We also examined the level of ex- 
pression of CPP-32, a cysteine protease required for 
apoptotic cell death in mammalian cells, using im- 
munohistochemical techniques. 

Results Apoptosis was detected in the right ven- 
tricular myocardium of six of the eight patients with 
arrhythmogenic right ventricular dysplasia and was 
absent in the controls. High levels of expression of 
CPP-32 were associated with positive in situ end- 
labeling of fragmented DNA. 

Conclusions These results indicate that apoptotic 
myocardial cell death occurs in arrhythmogenic right 
ventricular dysplasia and may contribute to the loss 
of myocardial cells in this disorder. (N Engl J Med 
1996;335:1190-6.) 
©1996, Massachusetts Medical Society. 



APOPTOSIS, or programmed cell death, is 
a highly regulated and active process that 
contributes to the control of cell number 
during development and to the mainte- 
nance of many adult tissues. 13 It is triggered by the 
activation of an internally encoded suicide program 
as a result of either extrinsic or intrinsic signals. 4 Ap- 
optosis differs morphologically from necrosis: it is 
characterized by blebbing of the cell membrane, a re- 
duction in cell volume, condensation of nuclear 
chromatin, and endonucleolytic degradation of DNA 
at nucleosomal intervals. 2 Apoptotic bodies are di- 
gested or phagocytosed by adjacent cells or macro- 
phages without inducing an inflammatory response. 

The crucial role of apoptosis in pathologic condi- 
tions is increasingly being recognized. 5 > 6 Recently, 
apoptosis was reported as a possible mechanism for 



the loss of myocardial cells in an infant with UhPs 
anomaly. 7 Arrhythmogenic right ventricular dyspla- 
sia, a form of right ventricular cardiomyopathy that 
commonly leads to severe ventricular arrhythmias 
and sudden death, 8 * 9 is characterized by noninflam- 
matory loss of myocardial cells and their progressive 
replacement by fat and fibrous tissue. 8 11 We hypoth- 
esized that this loss of myocardial cells in arrhyth- 
mogenic right ventricular dysplasia may result from 
cell death by apoptosis. 6 

METHODS 

Cardiac Specimens 

Sections from the right ventricle of eight patients (five men 
and three women; mean [±SD] age, 47±15 years) who died of 
arrhythmogenic right ventricular dysplasia were examined. Five of 
the patients had documented ventricular arrhythmias. The final 
diagnosis of right ventricular dysplasia was based on the follow- 
ing established criteria 9 12 : massive infiltration of the right ven- 
tricular wall by fat tissue, with surviving strands of cardiomyo- 
cytes embedded in or bordered by fibrous tissue (Fig. 1), a finding 
typically distinct from the patchy replacement of myocardium by 
fat and fibrous tissue that may result from chronic myocarditis 
and also distinct from the strands of cardiomyocytes found in fat- 
ty tissue without fibrosis, which could be a normal variant 10 ; spar- 
ing of subendocardial myocardium which may show trabecular 
hypertrophy or disarrangement (Fig. 1); substantial sparing of 
the left ventricular myocardium; and the absence of other car- 
diac diseases. These criteria were present in all the patients studied. 
Extensive mononuclear infiltrates and diffuse interstitial fibrosis 
superimposed on the typical pattern of arrhythmogenic right 
ventricular dysplasia were observed on histologic analysis in only 
one patient. 

Sections from the right ventricle of four normal subjects (three 
men and one woman; mean age, 41 ± 16 years) who died of other, 
noncardiac causes served as controls. None of these control sub- 
jects met any of the histologic criteria for right ventricular dyspla- 
sia. Although the interval between death and autopsy did not af- 
fect the detection of apoptosis, only cases in which this interval 
was 24 hours or less were included. Tissues were fixed in 10 per- 
cent buffered formalin and embedded in paraffin. Four to six sec- 
tions (6 fxm thick) from each paraffin block were analyzed for the 
presence of apoptosis. 13 

In Situ Detection of Apoptotic Cells 

Sections were deparaffinized, transferred to xylene, and rehy- 
drated in descending concentrations of alcohol (100 percent, 
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A B 
Figure 1. Free Wall of the Right Ventricle of a Patient with Right Ventricular Dysplasia. 

In Panel A, there is a large amount of adipose tissue occupying the mediomural and subepicardial layers (hematoxylin-phloxin- 
safran staining, x10). In Panel B, high magnification reveals surviving strands of myocardium bordered by or embedded in fibrous 
tissue. The presence of fibrous tissue is necessary for the diagnosis of right ventricular dysplasia 10 {hematoxylin-phloxin-safran 
staining, X100). 



95 percent, 70 percent, 50 percent, and 0 percent). After re- 
hydration, the slides were incubated with 20 jig of proteinase 
K per milliliter in phosphate- buffered saline. Endogenous per- 
oxidase was inactivated by 3 percent hydrogen peroxide. Tissue 
sections were stained with an ApopDETEK system (Enzo Diag- 
nostics, Farmingdale, N.Y.) that identifies cells with internucleo- 
somal fragmentation of DNA (apoptosis). The procedure was 
performed according to the manufacturer's instructions. The meth- 
od is based on the preferential binding of terminal deoxynucle- 
otidyl transferase (TdT) to the 3'-hydroxyl ends of DNA. 13 Brief- 
ly, residues of biotinylated deoxyuridine triphosphate (dUTP) 
were catalytically added to the ends of DNA fragments with the 
enzyme TdT. For negative controls, deionized water was used in- 
stead of TdT. After end-labeling, the sections were incubated with 
avidin-horseradish peroxidase and stained with diaminobenzidine 
to detect the biotin-labeled nuclei. Apoptotic bodies stained brown. 
Positive controls consisted of rat mammary glands obtained on 
the fourth day after weaning (Oncor, Gaithersburg, Md.). Four 
to six sections from each specimen were examined. Sections were 
first examined under light microscopy at low magnification ( X 100), 
allowing estimation of the percentage of surface area occupied by 
apoptotic cells. Then, 10 random fields per section from the re- 
gions with apoptotic cells were examined at a higher magnification 
( X400) to calculate the percentage of myocardial nuclei with DNA 
fragmentation. Cardiomyocytes, which were well-shaped, elongat- 
ed, and striated cells, were easily distinguished morphologically 
from other rare nonmyocytes under a light microscope at high 
magnification. In addition to the in situ end-labeling technique, 
adjacent sections stained with hematoxylin and eosin were exam- 
ined for signs of apoptosis. 14 The pathologist analyzing the speci- 
mens was unaware of the diagnosis in 9 of the 12 cases examined. 

Immunohistochemical Detection of Protease CPP-32 

CPP-32 is a cysteine protease required for the initiation of ap- 
optotic cell death. 15 It is related to interleukin-l/3~converting en- 



zyme (ICE) and CED-3, the product of a gene required for pro- 
grammed cell death in the nematode Caenorbabditis elejjans. 
CPP-32 is the specific ICE/CED-3-Iike mammalian cysteine pro- 
tease that cleaves and inactivates poly (adenosine diphosphate ri- 
bose) polymerase, an enzyme involved in DNA repair and genome 
integrity, and thus may be the human equivalent of CED-3. 15 
Therefore, to provide further evidence of the occurrence of apop- 
tosis in arrhythmogenic right ventricular dysplasia, we analyzed 
the level of expression of CPP-32 in the right ventricles of the pa- 
tients and controls using immunohistochemical techniques. 

After deparaffinization and rehydration, the sections were incu- 
bated with 1:10 normal horse serum for 30 minutes at room tem- 
perature, washed once in phosphate- buffered saline, and stained 
with a mouse monoclonal anti- CPP-32 antibody (Transduction 
Laboratories, Lexington, Ky.) at a dilution of 1:1000. The slides 
were washed in phosphate- buffered saline and then incubated 
with biotinylated horse antimouse IgG (Vector Laboratories, Bur- 
lingame, Calif.) at a dilution of 1:200. Stains were visualized with 
an avid in-alkaline phosphatase-substrate system (Vectastain ABC 
Kit and Vector Red, Vector Laboratories, Burlingame, Calif.). As 
a negative control, serial sections were stained without the pri- 
mary antibody against CPP-32. 

RESULTS 

Evidence of Apoptosis 

In situ end-labeling of fragmented DNA with TdT 
and biotinylated dUTP did not reveal apoptosis in 
sections of right ventricular myocardium from the 
four normal adult subjects (Fig. 2A). In contrast, 
sections of right ventricular myocardium from six of 
the eight patients with arrhythmogenic right ven- 
tricular dysplasia showed numerous cells with ge- 
nomic DNA fragments in their nuclei (Fig. 2B, 2C, 
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Figure 2. In Situ End-Labeling of Fragmented DNA with TdT 
and Biotinylated dUTP. 

Cells with fragmented DNA stained brown, whereas cells with 
normal nuclei stained blue (immunoperoxidase staining with 
hematoxylin counterstaining). In Panel A, a section from a nor- 
mal human right ventricle shows no apoptotic nuclei (X100). 
Transverse sections (Panels B and C) and longitudinal sections 
(Panels D and E) of right ventricular myocardium from patients 
with lethal arrhythmogenic right ventricular dysplasia show 
numerous myocardial nuclei with apoptosis. (Panels B and D, 
X100; Panels C and E, X400.) 
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2D, and 2E). The majority of these cells were easily 
recognized as myocardial cells under a light micro- 
scope at high magnification, since they were well 
shaped, elongated, and striated (Fig. 2C and 2E). 
The apoptotic myocardial cells were frequently in 
regions of myocardium not already invaded by adi- 
pocytes and fibrosis. They were less frequently in 
regions replaced by fat and fibrous tissue, where 
rare, nonapoptotic cardiomyocytes were still present. 
Both the extent of regions with apoptotic cells and 
the percentage of apoptotic myocardial cells in these 
regions varied among the patients (Table 1). An in- 
flammatory reaction was detected in sections from 
one of the eight patients (Patient 1). This patient 
had the highest percentage of apoptotic myocardial 
cells, and some inflammatory cells were also apop- 
totic (Table 1 and Fig. 3). 

The detection of apoptotic cells by in situ end- 
labeling of fragmented DNA was supported by the 
fact that pathological criteria for apoptosis were also 
met. In adjacent sections stained with hematoxylin 
and eosin, nuclei of numerous myocardial cells 
showed marginated masses of chromatin along with 
discrete, well-preserved apoptotic bodies (Fig. 4), 
typical pathological features of apoptosis. 14 No sign 
of apoptosis was seen in adjacent sections stained 
with hematoxylin and eosin from the four normal 
subjects (data not shown). 

Expression of CPP-32 in Right Ventricular Myocardium 
from Patients with Arrhythmogenic Right Ventricular 
Dysplasia 

Protease CPP-32 is important for the induction of 
apoptotic cell death in mammalian cells. 15 It was 
undetectable or barely detectable in the right ventri- 
cles of the four normal subjects (Fig. 5A), as well as 
in the two patients with no evidence of apoptosis. 
However, cardiomyocytes from the right ventricles of 
the six patients with apoptosis showed high levels of 
immunoreactive CPP-32 (Fig. 5B). No staining was 
detected after omission of the primary anti-CPP-32 
antibody. 

DISCUSSION 

We report the occurrence of apoptotic myocardial 
cell death in right ventricular dysplasia. James 6 has 
previously suggested that apoptosis may be a mech- 
anism of ceil death in arrhythmogenic right ventric- 
ular dysplasia. 

In the present study, apoptosis was identified by 
in situ end-labeling of fragmented DNA with TdT 
and biotinylated dUTP, a commonly accepted meth- 
od for the detection of the apoptotic process. 16 
There has been concern about the ability of such in 
situ labeling methods to distinguish between cell 
necrosis and apoptosis. However, in this study the 
detection of a positive reaction with in situ end- 
labeling was correlated with the presence of typical 



Table 1 . Extent of Areas of Apoptosis and 
the Percentage of Apoptotic Myocardial 
Nuclei in These Areas in Sections of 
Right Ventricular Myocardium from 
Patients with Lethal Arrhythmogenic 
Right Ventricular Dysplasia.* 



Extent of Proportion of 

Patient Areas with Apoptotic Nuclei 

No. Apoptotic Nuclei in Positive Areas 

% of section % 

1 50 28 

2 20 15 

3 10 18 

4 20 20 

5 0 Of 

6 15 22 

7 15 14 

8 0 0t 



*Four to six sections from each specimen were ex- 
amined. After in situ end -labeling of fragmented 
DNA, sections were examined under light microsco- 
py at low magnification (X100), allowing an estima- 
tion of the surface area occupied by apoptotic cells. 
Then, 10 random fields per section from these pos- 
itive areas were examined at high magnification 
(X400) to calculate the percentage of myocardial 
nuclei with DNA fragmentation. 

fOnly one apoptotic cell per section was found. 




Figure 3. Apoptotic Nuclei in Nonmyocytes in an Inflammatory 
Reaction in One Patient (Immunoperoxidase Staining with He- 
matoxylin Counterstaining, X250). 
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Figure 4. Sections of Right Ventricular Myocardium from Patients with Lethal Arrhythmogenic Right Ventricular Dysplasia (Hema- 
toxylin and Eosin). 

In Panel A, there are marginated masses of chromatin within myocardial nuclei in a longitudinal section (arrows) (X250). In Panel 
B there are multiple round, hyperdense nuclear fragments, whose appearance is consistent with that of apoptotic bodies, in a trans- 
verse section (arrow) (X400). 




Figure 5. Immunohistochemical Detection of CPP-32. 

In Panel A, normal right ventricular myocardium does not stain for CPP-32 (X400). In Panel B, right ventricular myocardium from 
a patient with right ventricular dysplasia stains intensely for CPP-32 <x400). The antibody against CPP-32 was detected with anti- 
mouse IgG conjugated with biotin and an avtdin-alkaline phosphatase-substrate system in which positive cells stain red. 
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signs of apoptosis (marginated masses of chromatin 
and well-preserved apoptotic bodies) in sections 
stained with hematoxylin and eosin. 14 Moreover, the 
absence of an inflammatory reaction in most of our 
patients argues against necrosis and for apoptosis. 
Furthermore, no positive staining was detected in 
cardiomyocytes from age-matched normal subjects 
whose hearts were processed in the same manner as 
those of our patients, and the in situ end-labeling of 
fragmented DNA was not detected when the en- 
zyme TdT was omitted. 

To gain further evidence of apoptosis in arrhythmo- 
genic right ventricular dysplasia and extend our find- 
ings, we examined the level of expression of protease 
CPP-32, whose activation is specifically required for 
apoptotic cell death in mammalian cells. 15 Our finding 
that high levels of CPP-32 expression were associated 
with positive in situ end-labeling of fragmented DNA 
provides strong evidence of apoptotic cell death in ar- 
rhythmogenic right ventricular dysplasia. 

We found that numerous cells in the right ventricle 
of patients with arrhythmogenic right ventricular dys- 
plasia underwent apoptosis. The majority of these 
cells were morphologically identified as myocardial 
cells under high-power magnification. The affected 
areas had few or no apoptotic cells, whereas apoptotic 
nuclei were frequently seen in areas with little involve- 
ment. This finding suggests that the loss of myocar- 
dial cells through apoptosis is, at least in part, a pri- 
mary process that precedes the filling of acellular 
space by fat and fibrous tissue in the absence of an in- 
flammatory reaction. 

The extent and the percentage of apoptotic myo- 
cardial cells varied among the patients. The absence 
of apoptosis (only one apoptotic cell per section) in 
two of our patients is intriguing. These patients' 
clinical and histologic features were similar to those 
of the other patients. Apoptosis may therefore not 
have been involved in the pathogenesis of arrhyth- 
mogenic right ventricular dysplasia in these patients. 
However, the possibility that most of the apoptotic 
cells had already been cleared by the time the heart 
sections were obtained cannot be ruled out. Studies 
of the clearance kinetics of apoptotic myocardial cells 
should clarify this issue. 

The triggering factors for apoptotic myocardial 
cell death in arrhythmogenic right ventricular dys- 
plasia remain to be elucidated. Some evidence from 
in vitro and in vivo studies in animals suggests that 
hypoxia as well as reperfusion injury are possible trig- 
gers for apoptosis in cardiomyocytes. 17 ' 18 These fac- 
tors may also contribute to the induction of apoptosis 
in myocardial cells of the failing canine heart. 19 Re- 
peated ventricular arrhythmias may have produced 
an ischemia-reperfusion injury and contributed to 
the apoptotic process in our patients. The presence 
of myocarditis (and its related production of inflam- 
matory cytokines) could also have had a role in the 



induction or aggravation of the apoptotic process. 
However, myocarditis is not a consistent or promi- 
nent feature of arrhythmogenic right ventricular 
dysplasia, and only one of our patients had associat- 
ed myocarditis. Abnormal levels of resting tension, 
which could result from the architectural rearrange- 
ment of the myocyte compartment in the diseased 
right ventricle, could also have contributed to the 
activation of the suicide program in these cells. 20 Fi- 
nally, primary abnormal control of genes involved 
in the regulation of programmed cell death — for 
instance, CPP-32 — remains plausible. 

In conclusion, we found that numerous myocar- 
dial cells from the right ventricles of a majority of 
patients with lethal arrhythmogenic right ventricular 
dysplasia actively undergo programmed cell death. 
This finding could account, at least in part, for the 
progressive loss of myocardial cells observed in this 
disease and may shed new light on its pathogenesis. 

Supported by the Association pour PEtude des Cardiomyopathies and 
by an award from Assistance Publique, Hopxtaux de Paris (to Dr. Mallat). 
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Quantitative Myocardial Cytokine Expression and 
Activation of the Apoptotic Pathway in Patients Who 
Require Left Ventricular Assist Devices 

Emma J. Birks, MRGP; Najma Latif, PhD; Virginia Owen, PhD; Christopher Bowles, PhD; 
Leanne E. Felkin, BS; Anthony J. Mullen, BS; Asghar Khaghani, PRCS; Paul J.R . Barton, PhD; 
Julia M. Polak, DSc; John R. Pepper, PRCS; Nicholas R. Banner, FRCP; Magdi H. Yacoub, FRS, DSc 

Background — Molecular mechanisms underlying the deterioration of patients undergoing LV assist device (LVAD) 
implantation remain poorly understood. We studied the cytokines tumor necrosis factor (TNF)-a and interleukin (IL)-l )3 
and EL-6 and the terminal stage of the apoptotic pathway in patients with decompensating heart failure who required 
LVAD support and compared them with patients with less severe heart failure undergoing elective heart transplantation. 

Methods and Results — Myocardial and serum samples from 23 patients undergoing LVAD implantation were compared 
with those from 36 patients undergoing elective heart transplantation. Myocardial TNF-a mRNA (1.71-fold; / > <0.05) 
and protein (3.43 ±0.19 versus 2.95 ±0.10 pg/mg protein; / > <0.05) were elevated in the LVAD patients. Immunocy- 
tochemistry demonstrated TNF expression in the myocytes. Serum TNF-a was also elevated (12.5 ±1.9 versus 4.0±0.4 
pg/mL; P<0.0001) in the LVAD patients. IL-6 mRNA (2.57-fold higher; / > <0.005) and protein (27.83±9.35 versus 
4.26±1.24 pg/mg protein; P<0.001) were higher in the LVAD candidates, as was serum IL-6 (79.3 ±23.6 versus 
7.1 ±1.6 pg/mL; / > <0.0001). Interleukin- 1)3 mRNA expression was 9.78-fold higher in the LVAD patients (/ > <0.001). 
iNOS mRNA expression was similar to that in advanced heart failure patients and was not further elevated in the LVAD 
patients. Levels of procaspase-9 (8.02±0.91 versus 6.16±0.43 oligodeoxynucleotide [OD] units; / > <0.01), cleaved 
caspase-9 (10.02±1.0 versus 7.34±0.40 OD units; /><0.05), intact and spliced DFF-45 (4.58±0.75 versus 2.84±0.23 
OD units; P<0.05) were raised in LVAD patients, but caspase-3 and human nuclease CPAN were not. 

Conclusions — Elevated TNF-a, EL- 1 j3, and IL-6 and alterations in the apoptotic pathway were found in the myocardium 
and elevated TNF-a and IL-6 in serum of deteriorating patients who required LVAD support. These occurrences may 
have therapeutic implications and influence the timing of LVAD insertion. (Circulation. 2001;104[suppl I]:I-233- 
1-240.) 

Key Words: heart-assist device ■ interleukins ■ heart failure ■ nitric oxide synthase 



Left ventricular assist devices (LVADs) have become an 
established treatment for patients with severe heart fail- 
ure. Molecular mechanisms underlying the decompensation 
of heart failure remain poorly understood. Understanding the 
mechanisms involved may help with decisions about timing 
of LVAD implantation and identifying new therapeutic tar- 
gets in advanced heart failure. 

Expression of the proinflammatory cytokine tumor necro- 
sis factor (TNF)-a has been described in patients with chronic 
heart failure both in serum and myocardium, 1 - 5 and serum 
levels have been found to correlate with functional status. 2 
TNF-a has been shown to produce myocardial depression 
both in in vitro and in vivo model s. 2 - 3 * 6 Interleukin (IL)-6 also 
is elevated in myocardium and serum of patients with heart 
failure, and levels correlate with poor functional status. 1 > 3 ' 7 - 8 



IL-1]3 is known to cause myocardial depression in vivo 9 * 10 
and acts synergistically with TNF-a, 10 but its role in heart 
failure is unclear. 

TNF-a and IL-1/3 can activate inducible nitric oxide 
synthase (iNOS), and their negative inotropic effect can be 
mediated through iNOS induction. 11 iNOS expression has 
been described in patients with heart failure. 4 iNOS is a 
potent producer of nitric oxide, which can have a negative 
inotropic effect. TNF-a and IL-1/3 also can induce apoptosis 
of cardiac myocytes, 12 - 13 whereas IL-6 has antiapoptotic 
effects. 1415 

Apoptosis is tightly regulated by the caspases, which 
initially are translated as inactive proenzymes and are subse- 
quently cleaved to become active. In the end stage of the 
apoptotic pathway, release of cytochrome c from the mito- 
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chondrion activates procaspase-9 to caspase-9, which, in turn, 
activates procaspase-3 to caspase-3. Caspase-3 activates 
DNA fragmentation factor, a heterodimer 16 that consists of 
the active capase-activated nuclease (CPAN)/DFF-40 com- 
plex, a 40-kDa nuclease, and DFF-45, its 45-kDa inhibitor. 
Caspase-3 cleaves DFF-45 from the CPAN/DFF-40 -DFF-45 
complex 1617 and generates the functionally active CPAN 
nuclease, which induces chromatin condensation and DNA 
fragmentation. 18 Poly(ADP-ribose) polymerase (PARP), a 
DNA repair enzyme, is inactivated by caspase-3, which 
contributes to the demise of the cell. Our group and others 
have previously demonstrated evidence of activation of the 
apoptotic pathway in advanced heart failure. 19 - 20 

These mechanisms all could contribute to decompensation 
of patients with advanced heart failure, who then require 
LVAD support. To investigate this hypothesis, we have 
quantified myocardial TNF-a, IL-lj3, and IL-6 expression; 
circulating TNF-a, its receptors, and IL-6; and myocardial 
expression of iNOS and of caspases in the terminal stage of 
the apoptotic pathway in patients who require insertion of an 
LVAD and compared them with patients with stable ad- 
vanced heart failure awaiting heart transplantation. Our aim 
was to characterize better patients for which the findings 
could have implications for their management and to help to 
understand factors that could influence progression of heart 
failure. 

Methods 

Patients 

Protocol for the present study was approved by the Royal Brompton 
and Harefield Research Ethics Committee. Informed consent was 
obtained from each patient. 

LVAD Patients 

The present study included 23 consecutive patients who required 
LVAD implantation because of deteriorating clinical status with 
evidence of secondary organ dysfunction in the context of low 
cardiac output (cardiac index <1.8), despite having been given 
appropriate medical treatment (including inotropes and intra-aortic 
balloon pump). 

Serum markers were studied in all 23 patients (male, n=20; 
female, n=3; age range, 14 to 58 years; mean age 37 ±3.1 years). 
Patients were diagnosed as having dilated cardiomyopathy (n=17), 
ischemic heart disease (IHD; n=2), IHD with postinfarct ventricu- 
loseptal defect rupture (n=2), postpartum cardiomyopathy (n=l), or 
congenital heart disease (n= 1). All were patients in New York Heart 
Association (NYHA) class IV and had deteriorated over a period of 
3.2 ±0.6 days. Mean pulmonary capillary wedge pressure (PCWP) 
was 26.0±2.1 mm Hg. Mean LV end diastolic diameter (LVEDD) 
was 73. 8 ±6.0 mm, and LV end-systolic diameter (LVESD) was 
68.6 ±6.3 mm. Blood was collected from each patient immediately 
before insertion of the device. 

Myocardial markers were studied in the first 13 of 23 patients 
(male, n=10; female, n=3; age range, 14 to 58 years; mean age, 
35.5±4.1 years). These patients were diagnosed as having dilated 
cardiomyopathy (n=ll), ischemic heart disease with postinfarct 
ventriculoseptal defect rupture (n=l), or postpartum cardiomyopa- 
thy (n= 1). All were in NYHA class IV with a history of deterioration 
over a period of 2.3±0.6 days. Mean PCWP was 27.3 ±2.5 mm Hg. 
Mean LVEDD was 75.5±7.9 mm, and LVESD was 64.8 ±9.8 mm. 
A core of myocardium from the apex of the LV was taken at die time 
of LVAD insertion, instantly frozen in liquid nitrogen, and stored at 
-80°C for subsequent analysis. 



Heart Failure Patients 

Patients with less-severe heart failure who were undergoing heart 
transplantation and did not meet our criteria for LVAD implantation 
acted as controls. Serum markers were studied in 17 patients (men, 
n= 14; women, n=3; age range, 22 to 64 years; mean age, 46.1 ±3.3 
years). NYHA class was III in 13 and IV in 4. Patients were 
diagnosed as having dilated cardiomyopathy (n=9), ischemic heart 
disease (n=7), or postpartum cardiomyopathy (n=l). Mean PCWP 
was 25.4±2.2 mm Hg, mean LVEDD was 70±2 mm, and mean 
LVESD was 6 1.2 ±3 mm. 

Myocardial markers were studied in 36 patients (male, n=30; 
female, n=6; mean age, 46 ±3.4 years). NYHA class was III in 31 
and IV in 5. Patients were diagnosed as having dilated cardiomyop- 
athy (n=18), ischemic heart disease (n=15), postpartum cardiomy- 
opathy (n=2), or myocarditis (n=l). Mean PCWP was 
21. 9± 1.5 mm Hg, mean LVEDD was 71.4±2.6 mm, and mean 
LVESD was 62.6+2.5 mm. A sample of LV near the apex was taken 
at the time of transplantation, instandy frozen in liquid nitrogen, and 
stored at -80°C for subsequent analysis. 

For all LVAD and heart failure patients, blood was spun within 4 
hours of collection at 2500 rpm for 10 minutes, and serum superna- 
tant was stored at -40°C for analysis. 

Methods 

Cytokines 

Real-Time Quantitative Reverse Transcription-Poly merase 
Chain Reaction 

TNFa, IL-10, IL-6, and iNOS mRNA were detected 21 by poly- 
merase chain reaction (PCR) amplification, quantified by 5' nuclease 
assay with fluorescence-labeled TaqMan probes and analyzed by use 
of real-time quantitative PCR as follows. Total RNA was extracted 
by use of Qiagen Inc RNeasy minicolumns and eluted in 
diethylpyrocarbonate-treated dH 2 0. RNA quality and quantity was 
assessed by EtBr-agarose gel electrophoresis and by relative absor- 
bance at 260 versus 280 nm. cDNA was synthesized from 150 ng of 
total RNA by use of the PE Biosy stems reverse-transcriptase kit with 
random hexamer primers. Reactions were diluted to 100 /xL. Primers 
and TaqMan probes for human IL-6 and iNOS were designed. 
Primer Express software (PE Biosystems) was used to design the 
IL-6 probe from a published mRNA sequence (EMBL/GenBank 
accession No. M54894), which gave an amplicon size of 96 bp with 
the TaqMan probe straddling the exon-exon junction (forward primer 
[Tm=58°C3, 5 ' -TG AC AAAC AAATTCGGT AC ATCCT-3 ' ; reverse 
primer [Tm=60°C], 5 '-AGTGCCTCTITGCTGCTTTCAC-3 ' ; Taq- 
Man probe [Tm=68°C] 5 ' -TT ACTCTTGTTAC ATGTCTCCTTTC 
TC AGGGCTG-3 ' ) . The iNOS probe designed was 5'-CACCATAA 
GGCCAAAGGG ATTTTAACTTGCAG-3 ' (Tm=70°C), the for- 
ward primer was 5 ' - AGCGGG ATG ACTTTCC AAG A-3 ' (Tm=58°C), 
and the reverse primer was 5 ' -T AATGG ACCCC AGGC AAG ATT-3 ' 
(Tm=59°C). 

Perkin-Elmer primers arid TaqMan probes for TNF-a and IL-/3 
were used. PCR reactions were performed by use of an ABI-prism 
7700 sequence detector. PCR amplifications were performed in a 
25-mL volume that contained a 2.5-mL cDNA template in 2X PCR 
Master Mix (PE Biosystems) at 50°C for 2 minutes and 95°C for 10 
minutes followed by 40 cycles of 95°C for 15 s and 60°C for 1 
minute. Results were analyzed by use of Sequence Detection 
Software (PE Biosystems), and the level of expression of TNF-a, 
IL-lj3, IL-6, and iNOS mRNA was normalized to 18S rRNA as 
outlined in User Bulletin No. 2 provided by Perkin-Elmer. 

Myocardial Immunoassay 

Protein was extracted from myocardial tissue. Protein preparations 
were made by homogenizing myocardial biopsies in 20 mmol/L of 
HEPES and 1.5 mmol/L of EDTA solution that contained protease 
inhibitors aprotinin, leupeptin, DTT, and phenylmethylsulfonyl flu- 
oride. Concentrations of TNF-a and IL-6 were determined by use of 
commercially available immunoassay kits (Quantikine HS, R&D 
Systems). 
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Figure 1. Advanced heart failure patients 
awaiting transplantation vs deteriorating 
patients undergoing LVAD implantation: 
A, myocardial TNF-a mRNA measured 
by quantitative real-time RT-PCR; B, 
myocardial TNF protein. Immunocyto- 
chemistry demonstrates greater TNF-a 
expression in myocytes from deteriorat- 
ing patients who require LVAD (C) than 
from those in stable heart failure (D). E, 
Serum TNF-a. Tx indicates 
transplantation. 



Immunocytochemistry 

Immunocytochemistry was performed on formalin-fixed paraffin- 
embedded sections to localize TNF-a and iNOS expression. Avidin- 
biotin-peroxidase complex method was used. Endogenous peroxi- 
dase was blocked with a solution of 0.03% vol/vol hydrogen 
peroxide in methanol for 20 minutes. After incubation with normal 
goat serum (1:30 for 30 minutes), sections were incubated overnight 
at 4°C with primary rabbit antibodies to TNF-a (Antigenex America 
Inc) diluted 1:100 and incubated overnight with primary rabbit 
antibodies to iNOS (Transduction Labs) diluted 1:400. Immunore- 
action sites were visualized by use of appropriate biotinylated 
secondary antibodies and the avidin-biotin-peroxidase complex pro- 
cedure (Vector Labs). Peroxidase activity was revealed with a 
solution of diaminobenzidine as chromogen with 0.2% vol/vol 
hydrogen peroxide in PBS to produce a brown reaction product and 
sections counterstained with Harris' hematoxylin. Controls consisted 
of replacement of primary antibodies with nonimmune rabbit serum. 
Staining was graded 0 to 3 by two blinded independent observers. 

Serum Immunoassay 

Measurements of TNF-a, its receptors TNF-R1 and TNF-R2 and 
IL-6 were performed by use of commercially available immunoassay 
kits (Quantikine HS, R&D Systems). 

Apoptotic Pathway 

SDS-PAGE and Western Blotting 

Myocardial tissue was homogenized in 1% SDS, 40 mmol/L phe- 
nylmethylsulfonyl fluoride, and total protein homogenates (30 /xg) 
separated on 12%-T SDS-PAGE gels with a 3%-T stacking gel. Gels 
were equilibrated for 30 minutes in transfer buffer (20 mmol/L Tris 
base and 150 mmol/L glycine) and electrophoretically transferred to 
supported nitrocellulose (Hybond C Super) at 500 mA for 1 hour. 

Detection of Cellular Proteins 

Nitrocellulose membranes were blocked with 3% non-fat dried milk 
in PBS that contained 0.05% Tween 20 for 1 hour and then probed 
with primary antibodies against caspase-9, caspase-3, and substrates 
(PARP and DFF; Santa-Cruz Biotechnology). After they were 
washed, blots were incubated for another 1 hour in horseradish 
peroxidase- conjugated secondary antibodies (Dako). Protein bands 



were visualized by use of the Supersignal Ultra chemiluminescence 
substrate (Pierce). 

Stripping Membranes 

To stain tubulin after probing, blots were incubated in stripping 
solution (100 mmol/L 2-mercaptoethanol, 2% vol/vol SDS, and 
62.5 mmol/L Tris-chloride; pH 6.7) for 30 minutes at 56°C. 
Membranes were washed and probed by use of tubulin with 
secondary horseradish peroxidase- conjugated antibodies. Reactive 
bands were detected as before. 

Densitometry 

Levels of expression of the procaspases, active caspases, and their 
substrates as assessed by immunoreactivity on ECL films was 
quantitated by laser densitometry and standardized to tubulin reac- 
tivity in each respective lane. Densitometric analysis was performed 
with Quant One software on a SunSparc station. 

Cell Culture 

Human U-937 myeloid leukemic cell line, treated separately with 
TNF-a at 4 mg/mL or staurosporine 1 /imol/L for 4 hours, and Jurkat 
T lymphoblastoid cell line, treated with 1 jLtmol/L of staurosporine 
for 6 hours, were used as positive controls. 

Statistical Analysis 

Variables are expressed as mean±SEM. Significance was assessed 
on grouped data with either Student's t test or nonparametric 
Mann- Whitney U test. A P value <0.05 was considered significant. 

Results 

Cytokines 

Myocardium 

Tumor Necrosis Factor- a. 

TNF-a mRNA expression in myocardium of LVAD patients 
at time of implantation was 1.71 -fold higher than in stable 
advanced heart failure patients (/><0.05, Figure 1A). TNF-a 
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Figure 2. Advanced heart failure patients awaiting transplanta- 
tion vs deteriorating patients undergoing LVAD implantation: A, 
myocardial IL-6 mRNA measured by quantitative real-time 
RT-PCR; B, myocardial IL-6 protein content; C, serum IL-6. 

protein content in myocardium of LVAD candidates 
(3 .43 ±0.19 pg/mg protein) was also higher than in advanced 
heart failure (2.95 ±0.10 pg/mg protein; /><0.05, Figure IB). 
Myocardial TNF-a: protein was slightly higher in those who 
died after LVAD implantation (3 .57 ±0.2 pg/mg protein) 
compared with those who survived >1 year (3.1 ±0.2 pg/mg 
protein), although this did not reach statistical significance 
(P=NS). 

TNF-a Immunocytochemistry 

TNF-a expression was immunolocalized predominantly to 
cardiac myocytes, although expression also was seen in 
endothelial cells and vascular smooth muscle cells of blood 
vessels. Myocyte expression of TNF-a in the LVAD candi- 
dates was significantly greater (mean score, 1.75 ±0.20) than 
in advanced heart failure patients (mean score, 1.1 ±0.16; 
P<0.05, Figures 1C and ID). 

Interleukin~6 

IL-6 mRNA expression in myocardium at time of LVAD 
implantation was 2.57-fold higher than in stable advanced 
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Figure 3. Myocardial IL-10 mRNA levels in advanced heart fail- 
ure patients awaiting transplantation vs deteriorating patients 
undergoing LVAD implantation. 

heart failure patients (P< 0.005, Figure 2A). Myocardial IL-6 
protein content also was significantly higher in LVAD 
candidates (27.83 ±9.35 pg/mg protein) compared with ad- 
vanced heart failure patients (4.26 ±1.24 pg/mg protein; 
P<0.001, Figure 2B). Myocardial IL-6 protein was signifi- 
cantly higher in those who died after LVAD implantation 
(38.94 ±12.34 pg/mg protein) compared with those who 
survived >1 year (5.60±1.64 pg/mg protein; P<0.005). 
These deaths occurred in patients who were on the device; no 
transplant-related deaths occurred). 

Interleukin-ip 

IL-1/3 mRNA expression was 9.78-fold higher in LVAD 
candidates than in stable advanced heart failure patients 
(9.78±0.36 versus 1±0.23; P<0.001, Figure 3). IL-10 was 
1.4- fold higher in those who died after LVAD implantation 
than in those that survived, but this did not reach statistical 
significance. 

Inducible Nitric Oxide Synthase 

iNOS mRNA expression in LVAD candidates (0.81 ±0.19) 
was elevated to a level similar to that seen in advanced 
heart failure (1±0.27), but iNOS mRNA was no higher in 
deteriorating patients compared with heart failure patients 
(Figure 4A). 

iNOS Immunocytochemistry 

Significantly more iNOS expression was seen in blood vessels 
of the LVAD candidates (vascular smooth muscle staining, 
1.75±0.19 versus 0.75±0.17; P<0.005, Figures 4B and 4C), 
and slightly more iNOS staining was seen in myocytes of LVAD 
candidates (2.35±0.15 versus 1.93±0.13; which only just 
reached statistical significance; / > <0.05). 

Serum 

Serum TNF-a 

Serum TNF-a was significantly higher in LVAD candidates 
(12.5 ±1.9 pg/mL, n=23) compared with stable advanced heart 
failure patients (4.0±0.4 pg/mL, n= 17; P<0.0001, Figure IE). 

Serum TNF-RI and TNF-R2 

No significant difference was seen between serum TNF-RI 
levels in LVAD candidates (2.9±0.6 ng/mL, n=23) and 
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Figure 4. A, Myocardial iNOS mRNA levels in deteriorating 
patients undergoing LVAD implantation are no higher than in 
stable advanced heart failure patients awaiting transplantation. 
B, Immunocytochemistry showing strong iNOS expression in 
blood vessels of many of the LVAD patients with slightly greater 
myocyte expression than in (C) advanced heart failure patients. 



stable advanced heart failure patients (2. 8 ±0.3 ng/mL, 
n= 17; P=NS). Serum TNF-R2 levels also were no higher 
in LVAD candidates (6.9±1.1 ng/mL, n=23) than in 
advanced heart failure patients (9.0±0.8 ng/mL, n=17; 
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Figure 5. Expression of procaspase-9 and cleaved caspase-9 in 
stable advanced heart failure patients awaiting transplantation 
vs deteriorating patients undergoing LVAD implantation. 



Serum IL-6 

Serum IL-6 was higher in LVAD candidates (79.3 ±23.6 
pg/mL, n=23) than in advanced heart failure patients 
(7.1 + 1.6 pg/mL, n=17; P<0.0001; Figure 2C). 

Apoptosis 
Caspase-9 

Caspase-9 antibody recognizes the intact 46- to 48-kDa 
protein and the cleaved 37-kDa subunit. Levels of 46-kDa 
procaspase-9 were higher in LVAD candidates (8.02±0.91 
oligodeoxynucleotide [OD] units) than in advanced heart 
failure patients (6.16±0.43 OD units; P<0.01, Figure 5A). 
Expression of 37-kDa cleaved caspase-9 was significantly 
higher in LVAD candidates (10.02±1.0 OD units) than in 
stable heart failure patients (7.34±0.40 OD units; P<0.05, 
Figure 5B). 

Caspase-3 

Caspase-3 antibody recognizes the intact 32-kDa protein and 
the 2 cleaved subunits of 11 and 20 kDa. Levels of 
procaspase-3 were not higher in LVAD patients (9.62 ±0.5 
OD units) than in advanced heart failure patients (9.78 ±0.5 
OD units; P=NS). 

Poly(ADP-Ribose) Polymerase 

PARP antibody recognizes both full-length 1 16-kDa protein 
and the cleaved 85-kDa fragment. Levels of intact PARP 
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implantation. 



were not significantly higher in LVAD candidates 
(0.37 ±0.08 OD units) than in stable advanced heart failure 
patients (0.27±0.05 OD units). 

DFF-45 

DFF-45 antibody (K-17) recognizes the intact 45-kDa inhib- 
itor, the spliced 35-kDa product, and the cleaved 12-kDa 
product. Levels of intact DFF-45 were significantly higher in 
LVAD patients (10.86±0.91 OD units) than in advanced 
heart failure patients (8.91 ±0.38 OD units; /><0.05). The 
spliced 35-kDa product also was significantly higher in 
LVAD candidates (4.58±0.75 OD units) than in advanced 
heart failure patients (2.84±0.23 OD units; P<0.05). 

CPAN 

Levels of CPAN were not significantly higher in the LVAD 
candidates (2.04 ±0.5 OD units) than in advanced heart 
failure patients (2.57±0.23 OD units; P=NS). 

Discussion 

The present study has shown, for the first time, the specific 
pattern of increased expression of cytokines (Figure 6) 
together with alterations in the apoptotic pathway of the 
myocardium and serum of deteriorating patients who require 
implantation of an LVAD. We have shown elevated levels of 
myocardial TNF-a, IL-1/3, and IL-6 (Figure 6) in these 
patients compared with patients who have less severe heart 
failure, are undergoing transplantation, and have elevated 
levels of circulating TNF-a and IL-6. Elevated myocardial 
expression of caspase-9 and DFF-45, but not caspase-3 and 
CPAN, in the final stage of the apoptotic pathway also was 
demonstrated. 

An estimated 5 million people in the United States and 
600 000 in the United Kingdom have heart failure. Mortality 
level for NYHA class III and IV heart failure is ~40%. The 
situation is currently worsened by the decreasing supply of 
donor organs. When heart failure patients deteriorate, inser- 
tion of an LVAD can be lifesaving. Early implantation of the 
device is beneficial to outcome; hence, finding clinical and 
molecular markers is important for the identification of 
patients at high risk of deterioration so that corrective action 
can be taken earlier. 



We used real-time PCR to measure myocardial cytokine 
levels because it is a new, quantitative, highly reliable 
method. We chose to compare deteriorating patients to those 
in a stable heart failure group without using a donor control 
group as we have previously shown increased cytokine 
expression after brain death in donor hearts. 21 The 13 patients 
in whom myocardial markers were measured had clinical 
parameters that showed them to be representative of the total 
group of patients. Limitation of tissue did not allow measure- 
ment of myocardial markers in all 23 patients. 

In the present study, we found elevated levels of TNF-a 
mRNA and protein in the myocardium of deteriorating 
patients who required LVAD insertion. TNF-a is known to be 
elevated in heart failure, 1-5 and levels are known to correlate 
with NYHA functional class. 2 Infusion of TNF-a into rats at 
levels similar to levels present in end-stage heart failure 
results in depression of LV function, myocyte shortening, and 
LV dilatation. 6 A recent study has shown increased myocar- 
dial TNF-a with the progression of heart failure. 5 Therefore, 
TNF-a may be a useful marker of deterioration in these 
patients and also may be involved pathologically in the cause 
of the deterioration. In our present study, immunocytochem- 
istry demonstrated TNF-a expression in cardiac myocytes, 
and cardiac myocytes are known to be able to produce large 
amounts of TNF-a. 22 TNF-a acts on 2 cell-surface receptors, 
TNF-R1 and TNF-R2, which are thought to mediate and 
regulate most of the effects of TNF-a. 23 These receptors are 
shed as soluble forms that are thought to act as buffers to 
neutralize the cytotoxic activity of TNF-a. 24 The elevation of 
serum TNF-a in the LVAD patients in our present study was 
not accompanied by a rise in TNF receptors. This suggests 
that the increased TNF-a might not be neutralized by its 
receptors and, thus, may be able to act pathologically. 

We have found elevated IL-6 mRNA and protein in the 
myocardium and elevated IL-6 in the serum of deteriorating 
patients who required LVAD insertion in the present study. 
IL-6 is known to be elevated in patients with heart failure, and 
raised levels correlate with decreased functional class, low 
ejection fraction, and poor prognosis. 1 * 3 * 7 - 8 A recent study has 
shown increased myocardial IL-6 expression with progres- 
sion of heart failure. 5 Although IL-6 is known to increase 
with norepinephrine levels, 7 none of the patients in the 
present study were on norepinephrine at the time of LVAD 
insertion. Thus, use of norepinephrine is unlikely to be the 
cause of elevated IL-6 in the present study. IL-6 can be 
negatively inotropic, and transgenic mice overexpressing the 
IL-6 gene develop ventricular hypertrophy and increased 
heart size. 25 Of the deteriorating patients who underwent 
LVAD insertion in our present study, myocardial IL-6 protein 
expression was higher in those who died after the LVAD was 
implanted. Hence, IL-6 may be a good marker of deteriora- 
tion and may be involved pathologically in deterioration 
(although elevation of IL-6 in the patients who died could 
imply irreversibility). 

IL-1/3 negatively affects myocardial function 910 and was 
9-fold higher in the myocardium of deteriorating compared 
with stable patients (Figure 6). To our knowledge, this is the 
first time IL-1/3 has been shown to be elevated in the 
myocardium of patients with heart failure and to be quanti- 
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tatively increased in deteriorating patients. IL-1/3 may be a 
useful marker of deterioration and may be involved in its 
pathogenesis. 

Both TNF-a and IL- 1 )3 induce iNOS expression, and both 
together act synergistically. 1011 Therefore, we investigated 
iNOS expression in these patients and found that although 
iNOS was elevated to a level similar to that seen in advanced 
heart failure patients, iNOS mRNA expression was not higher 
in deteriorating compared with stable patients. This suggests 
that iNOS is not the mechanism through which these 2 
cytokines act in these patients. Immunocytochemistry showed 
elevated iNOS protein expression in myocytes, which sug- 
gests a possible increase at the translational level. However, 
this barely reached statistical significance. Given that immu- 
nocytochemistry alone is not a reliable quantitative method, 
we feel that these results should be interpreted with caution. 
Immunocytochemistry demonstrated strong iNOS staining in 
the vascular smooth muscle cells of intracardiac blood vessels 
of many LVAD candidates, which suggests that increased 
nitric oxide release occurs in blood vessels of deteriorating 
patients, which could contribute to their hypotensive state. 

Both TNF-a and IL-lj3 can induce apoptosis, 12 ' 13 whereas 
IL-6 tends to inhibit it. 1415 We examined expression of 
caspases in the terminal stage of the apoptotic pathway to see 
whether they were elevated in deteriorating patients. Levels 
of procaspase-9 and activated, cleaved caspase-9 were ele- 
vated in these patients, but caspase-3 levels were not, which 
suggests a negative feedback mechanism at the level of 
caspase-3. Furthermore, levels of intact DFF-45 (inhibitor of 
DFF-45/CPAN) also were elevated, as was the cleaved 
35-kDa product, but levels of the nuclease CP AN were not. 
Again, this occurrence suggests a negative feedback mecha- 
nism. IL-6 can increase BclxL and signal transducer and 
activator of transcription-3 (STAT-3). 1415 Thus, IL-6 tends to 
be antiapoptotic. Given that we have demonstrated it to be 
elevated in these patients, IL-6 may be part of the negative 
feedback mechanism. However, it is likely that several 
molecules are involved in both positive and negative feed- 
back in the apoptotic pathway in these patients. Further 
investigation is required. For example, nuclear factor- kB 
expression is induced by TNF-a and IL-1/3, is known to 
inhibit apoptosis, and is likely to be a potentially important 
mechanism. Lack of significant elevation in all of the termi- 
nal markers of apoptosis is difficult to explain and could be 
due to a negative feedback mechanism. Alternatively, our 
methods may have failed to detect a rise in these markers, or 
it may be that activation of the apoptotic pathway is not an 
important contributing mechanism to deterioration in these 
patients. 

In conclusion, the present study has shown a specific 
pattern of cytokine elevation (Figure 6), alterations to 
caspases in the final stage of the apoptotic pathway of 
myocardium, and elevated levels of circulating cytokines in 
deteriorating patients who require LVAD insertion. Quanti- 
tative real-time RT-PCR demonstrated a 9-fold increase in 
IL-1J3 mRNA expression, elevated myocardial TNF-a and 
IL-6 mRNA and protein, and raised serum TNF-a and IL-6 in 
deteriorating patients. iNOS was elevated to levels similar to 
those of heart failure, but no further elevation occurred in the 



deteriorating patients, which suggests that iNOS is unlikely to 
be the pathway through which TNF-a and IL-10 act in these 
patients. Increased iNOS vascular smooth muscle expression 
was seen in blood vessels, which may contribute to the 
hypotension observed in these patients. Elevations were seen 
in procapase-9, cleaved caspase-9, and intact and cleaved 
DFF-45 of the final part of the apoptotic pathway but not in 
caspase-3 and CP AN, which suggests that some negative 
feedback mechanisms are occurring in these patients that 
need further investigation. 

These cytokines might be useful markers for the earlier 
detection of patients likely to need LVAD implantation. 
Serial serum cytokine measurements, supplemented if neces- 
sary by myocardial biopsy, could augment hemodynamic data 
and detect decompensation at an earlier stage. 

Furthermore, blocking cytokine production may have the 
potential to prevent disease progression. Pentoxifylline is a 
xanthine derivative that suppresses or reduces production of 
TNF-a and is thought to act at the mRNA level. Our study 
suggests that administration of pentoxifylline to patients with 
end-stage heart failure potentially could prevent or reverse 
their deterioration. Etanercept is a p75 TNF-R fusion protein 
that binds to TNF-a, functionally inactivating it, which also 
may be effective for prevention of decompensation of such 
patients. Both of these drugs previously have been shown to 
produce clinical improvement in patients with less severe 
heart failure. Our present study suggests that IL-6 antagonists 
also potentially may prevent disease progression, as might 
IL-1 antagonists and specific caspase inhibitors, such as 
caspase-9 inhibitors. These approaches need to be 
investigated. 
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ABSTRACT 

Cardiac myocyte apoptosis has been demonstrated in end-stage failing human hearts. The therapeutic utility 
of blocking apoptosis in congestive heart failure (CHF) has not been elucidated. This study investigated the 
role of caspase activation in cardiac contractility and sarcomere organization in the development of CHF. In 
a rabbit model of heart failure obtained by rapid ventricular pacing, we demonstrate, using in vivo transcoro- 
nary adenovirus-mediated gene delivery of the potent caspase inhibitor p35, that caspase activation is associ- 
ated with a reduction in contractile force of failing myocytes by destroying sarcomeric structure. In this an- 
imal model gene transfer of p35 prevented the rise in caspase 3 activity and DNA-histone formation. 
Genetically manipulated hearts expressing p35 had a significant improvement in left ventricular pressure rise 
(+dpldt\ decreased end-diastolic chamber pressure (LVEDP), and the development of heart failure was de- 
layed. To better understand this benefit, we examined the effects of caspase 3 on cardiomyocyte dysfunction 
in vitro. Microinjection of activated caspase 3 into the cytoplasm of intact myocytes induced sarcomeric dis- 
organization and reduced contractility of the cells. These results demonstrate a direct impact of caspases on 
cardiac function and may lead to novel therapeutic strategies via antiapoptotic regimens. 



OVERVIEW SUMMARY 

In human ischemic and dilated cardiomyopathy, activation 
of the caspase cascade has been documented. This study in- 
vestigated the role of caspase activation in cardiac contrac- 
tility and sarcomere organization in the development of 
CHF. In a rabbit model of heart failure adenovirus-medi- 
ated gene delivery of the potent caspase inhibitor p35 im- 
proved ventricular function assessed by echocardiography 
and hemodynamic measurements. Failing cardiomyocytes 
isolated from genetically manipulated hearts expressing p35 
showed preserved sarcomeric structure and reconstituted 
contractile performance. Microinjection of caspase 3 into 
healthy myocytes induced a concentration- dependent de- 
struction of the sarcomeric units and reduced contractility 
of the cells. These data provide evidence that caspase acti- 
vation contributes to the progression of CHF and its pre- 
vention leads to partial restoration of cardiac function. 



INTRODUCTION 

Despite progress in the treatment of heart failure, the 
5-year mortality of symptomatic patients still exceeds 50% 
(Braunwald and Bristow, 2000). Histochemical evidence of apop- 
tosis has been identified in several cardiovascular disorders lead- 
ing to congestive heart failure, including ischemic heart disease, 
myocarditis, and dilated cardiomyopathy (Haunstetter and Izumo, 
2000; MacLellan, 2000). In cardiomyocytes, programmed cell 
death may be an important component of the transition from adap- 
tive hypertrophy to heart failure (Hirota et al., 1999; Hunter and 
Chien, 1999). Prolonged growth stimulation of adult cardiomy- 
ocytes, which differentiate and withdraw from the cell cycle dur- 
ing the neonatal period, may activate the apoptotic program and 
lead to cell dysfunction in congestive heart failure (CHF). 

Myocardial apoptosis involves highly complex, regulated 
cell suicide machinery, in which two main signaling pathways 
lead to activation of the caspase family of cysteine proteases 
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(Reed and Paternostro, 1999; Hengartner, 2000): (1) death re- 
ceptor signaling (e.g., Fas, tumor necrosis factor [TNF], and 
DR3-DR5 receptors) (Ashkenazi and Dixit, 1998) and (2) re- 
lease of cytochrome c from mitochondria and subsequent trans- 
activation of procaspase 9 by apoptosis protease- activating fac- 
tor (Apaf) (Green and Reed, 1998). Caspases regulate the 
execution of the mammalian cell death program (Hengartner, 
2000). Caspase 3 represents the key effector enzyme and 
cleaves downstream targets involved in the expression of the 
apoptotic phenotype, including gelsolin, p21 -activated kinase 2 
(PAK2), nuclear lam ins, and the inhibitory subunit of DNA 
fragmentation factor (inhibitor of caspase-activated DNase, 
ICAD) (Rudel and Bokoch, 1997; Enari etaL, 1998). In human 
ischemic and dilated cardiomyopathy, cytochrome c release and 
activation of the caspase 3 cascade have been documented 
(Narula etaL, 1999). Critical questions remain unclear: to what 
extent do caspases contribute to functional deterioration of car- 
diomyocytes in failing myocardium and can we develop effec- 
tive new therapies based on the blockade of apoptotic pathways 
in the myocardium? As cytoskeletal proteins (e.g., gelsolin, 
actin, and fodrin) are important targets for activated caspase 3 
(Hengartner, 2000), abnormal cytoskeletal structure or loss of 
sarcomere organization through caspases could lead to abnor- 
malities in myocyte function and decreased force transmission. 

The goal of this study was to investigate the role of caspase 
activation in cardiac contractility and sarcomere organization 
in the development of heart failure. We tested whether expres- 
sion of p35, which potently inhibits members of the caspase 
family of cysteine proteases (Bump et al., 1995), can improve 
ventricular function in an animal model of heart failure. In fail- 
ing myocardium, we analyzed caspase 3, caspase-activated de- 
oxyribonuclease (CAD) activities, and DNA fragmentation over 
the time course of heart failure development. Two days after 
pacemaker implantation, rabbits were randomized to receive ei- 
ther a bicistronic adenovirus carrying p35 and green fluores- 
cent protein genes (CHF+Ad-p35) or GFP alone (CHF+Ad- 
GFP) by using a transcoronary gene delivery technique. After 
0, 7, and 15 days of rapid pacing, echocardiographic and he- 
modynamic profiles of the animals were analyzed. To address 
specifically the molecular mechanism that mediates the cas- 
pase-induced deterioration of cardiac performance, we studied 
the effects of microinjected caspase 3, as principal enzyme of 
the caspase cascade, on sarcomeric structure and contractile 
force in isolated ventricular cardiomyocytes. 



MATERIALS AND METHODS 

Construction and purification of 
recombinant adenovirus 

Recombinant (El- and E3-deficient) adenovirus (serotype 5) 
carrying the baculovirus apoptotic suppressor p35 was generated 
as described (He et al., 1998). The coding sequence of p35 was 
tagged with the FLAG epitope and inserted into the polylinker 
sequence of the GFP-expressing pAdTrack vector, between a 
non-tissue-specific cytomegalovirus (CMV) promoter and a 
simian virus 40 (SV40) polyadenylation signal. Recombinant 
adenoviruses were prepared at large scale as described (Laug- 
witz et al, 1999). Adenoviral titers were determined by plaque 
titration on HEK 293 cells. 



Experimental protocol 

The project was approved by the institutional ethics review 
board. Sixty- three adult male New Zealand White rabbits 
(2.8 ± 0.5 kg) were initially randomized in two groups: one 
group of 40 animals with implantation of pacemakers and rapid 
ventricular pacing and a second group of 23 sham-operated an- 
imals with implantation of pacing wires but no pacing. All an- 
imals survived the initial operation. In the first group, 18 rab- 
bits received an intracoronary infusion of Krebs-Ringer 
solution, and were paced for 7 (n = 7) or 15 (n — 11) days. 
These animals served as failing rabbits (CHF) for hemodynamic 
evaluation and apoptotic biochemistry for caspase 3 activity, 
CAD activity, TUNEL (TdT [terminal deoxynucleotidyl- 
transferase] -mediated dUTP nick end labeling) staining, and 
DNA-histone formation. In the other 22 animals of this group, 
transcoronary delivery of recombinant adenoviruses encoding 
either p35 and GFP (CHF+Ad-p35; n = 10) or GFP alone 
(CHF+Ad-GFP; n = 12) was performed, and the rabbits were 
paced for 15 days. The second group of 23 sham-operated an- 
imals received intracoronary Krebs-Ringer solution (sham; n = 
11), Ad-p35 (sham+Ad-p35; n = 4), and Ad-GFP (sham+Ad- 
GFP; n = 8). These animals were used to examine the expres- 
sion levels of p35 and GFP 0, 4, 7, and 15 days after infection 
and for apoptotic biochemistry, TUNEL staining, single-cell 
shortening, confocal laser scanning microscopy, and microin- 
jection experiments. 

In vivo transcoronary gene delivery 

Of the 22 rabbits with ventricular pacing and adenoviral gene 
transfer, 2 animals in the CHF+Ad-p35 group and 4 in the 
CHF+Ad-GFP group died during the gene delivery procedure 
(in each group 8 animals survived). Rabbits were anesthetized 
intramuscularly with medetomidin (100 ^tg/kg), propofol (5 
fig/kg per hr), and a bolus of fentanyl (10 /i-g/kg) intravenously. 
They were intubated, ventilated, and monitored for electrocar- 
diogram (ECG), echocardiography, and pressure throughout the 
experiment. Transcoronary gene delivery into the rabbit my- 
ocardium was performed at the time ventricular pacing was ini- 
tiated, 2 days after pacemaker implantation. All animals en- 
rolled in the study received a 2-min intracoronary infusion of 
serotonin (10 jjM) and low calcium (1.25 mM) into the left 
coronary ostium, followed by a total dose of 5 X 10 10 PFU 
of adenovirus (Weig et al., 2000). In eight animals of the 
CHF+Ad-p35 and CHF+Ad-GFP groups hemodynamic and 
echocardiographic experiments were performed. All animals 
were killed 15 days after gene delivery and hearts were col- 
lected for biochemical studies, single-cell shortening experi- 
ments, and phalloidin staining. 

Pacemaker implantation 

The pacemaker lead (2F; Medtronic, UnterschleijSheim, Ger- 
many) was placed through the jugular vein into the right ven- 
tricular apex. Customized pacemakers (Vitatron, Cologne, Ger- 
many) were placed beneath the left epigastrium and connected 
to the lead. Sham-operated animals had the same intervention 
with implantation of pacing wires but never underwent initia- 
tion of ventricular pacing. Two days after surgery, ventricular 
pacing was initiated at a rate of 340 beats/min. 
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In vivo hemodynamic and echocardiographic 
measurements 

Left ventricular (LV) contractility was examined before and 
7 and 15 days after adenoviral gene transfer and initiation of 
pacing. Rabbits were anesthetized as described previously. 
Transthoracic M-mode and two-dimensional echocardiography 
was performed with a 5-MHz probe of a Hewlett-Packard (Palo 
Alto, CA) Sonos 5500 imaging system, as described in previ- 
ous studies (Gardin et aL, 1995), and analyzed by two blinded 
observers. After preparation of the right carotid artery, a Mil- 
lar 2.5F tip catheter connected to a differentiating device (Hugo 
Sachs, Freiburg, Germany) was placed in the left ventricle. Af- 
ter definition of basal contractility and LV pressure (with the 
pacemaker turned off), 200 pX of 0.9% NaCI was injected as a 
negative control. After a sufficient equilibration period, epi- 
nephrine was injected in concentrations ranging from 0.1 to 0.8 
/ig/kg per min. 

Preparation and culture of rat and rabbit adult 
ventricular cardiomyocytes 

Single ventricular myocytes were isolated from male Wistar 
rats (250-300 g) or from sham-operated and failing male New 
Zealand White rabbits (2.8 ± 0.5 kg), as described (Laugwitz 
et al., 1999). Cardiomyocytes were cultured in M199 culture 
medium (supplemented with minimal essential medium [MEM] 
vitamins, MEM nonessential amino acids, 25 mM HEPES, in- 
sulin [10 /ig/ml], penicillin [100 IU/ml], streptomycin [100 
jtg/ml], and gentamicin [100 /x,g/ml]) on laminin-precoated 
dishes (5 jtg/cm 2 ; density of 10 5 cells/cm 2 ) in a humidified 
atmosphere (5% C0 2 ) at 37°C. Infection of rat myocytes with 
adenoviruses was performed in vitro at a multiplicity of infec- 
tion (MOI) of 100 PFU/cell 6-8 hr after plating in Ml 99 
medium. Rat cells were used for biochemistry 48 hr after in- 
fection. Rabbit cardiomyocytes were infected in vivo and iso- 
lated 4, 7, or 15 days after gene transfer. 

Western blot analysis 

Immunodetection was performed in crude extracts of sham- 
operated and failing myocardium. Extracts were obtained by 
homogenization in 10 mM HEPES buffer, pH 7.0, containing 
a mixture of protease inhibitors at 4°C. Protein concentrations 
were detected by Bradford assay (Bio-Rad Laboratories, Mu- 
nich, Germany). Equal amounts of protein (150 pg) were size 
fractionated on a 12% sodium dodecyl sulfate (SDS)-poly- 
acrylamide gel and electrophoretically transferred to nitrocel- 
lulose membrane (Bio-Rad Laboratories). Blots were stained 
with Ponceau red, in order to monitor the amount of transferred 
protein in each lane and to detect protein degradation. Native 
ICAD cleavage products in lysates of sham-operated and fail- 
ing myocardium were detected with a goat polyclonal antibody 
directed against the N terminus of the mouse ICAD (1 : 1000 di- 
lution; Santa Cruz Biotechnology, Santa Cruz, CA). Extracts 
from sham-operated hearts were also incubated for 30 min at 
37°C with recombinant human active caspase 3 (1 ng/jul; Bec- 
ton Dickinson, Heidelberg, Germany), in the presence or 
absence of the tetrapeptide caspase 3 inhibitor DEVD-FMK 
(Asp-Glu-Val-Asp-0-methyl-fluoromethylketone, 100 pM). 
Immunodetection of p35 and a-sarcomeric actin in extracts of 
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transcoronary- infected sham+Ad-p35 myocardium was per- 
formed with mouse anti-FLAG M2 monoclonal antibody 
(1:1000 dilution; Stratagene, La Jolla, CA) and mouse anti-a- 
sarcomeric actin monoclonal antibody (1:5000 dilution; Sigma, 
Munich, Germany). Antigen-antibody complexes were visual- 
ized by chemiluminescence (enhanced chemiluminescence 
[ECL] detection kit; Amersham Pharmacia Biotech Europe, 
Freiburg, Germany) and obtained chemiluminograms were 
evaluated by laser scanning densitometry. 

Immunofluorescence staining 

To determine trans gene expression in transcoronary Ad-p35- 
infected rabbit hearts 4 days after gene delivery, frozen slices 
(thickness, 3 pm) were fixed in 4% paraformaldehyde and per- 
meabilized with 0.1% saponin. p35 was detected with anti- 
FLAG M2 antibody (10 pig/ml) and anti-mouse IgG-Texas Red 
conjugate (4 /ig/ml). 

Polymerized actin fibers were visualized in isolated car- 
diomyocytes by Texas Red-phalloidin (Molecular Probes, Eu- 
gene, OR), according to the manufacturer instructions. 

a-Sarcomeric actin immunodetection was performed in 
TUNEL-stained heart sections, using anti-a-sarcomeric actin 
monoclonal antibody (1:250 dilution; Sigma) and anti-mouse 
IgG-Texas Red conjugate (4 pg/m\). 

Flow cytometry studies 

Fluorescence-activated cell sorting (FACS) analysis was per- 
formed on a FACSCalibur with CellQuest software (Becton 
Dickinson). Cardiomyocytes freshly isolated 0, 4, 7, and 15 
days after transcoronary gene delivery of Ad-GFP in sham-op- 
erated rabbits were resuspended in phosphate-buffered saline 
(PBS) and analyzed by flow cytometry at 520 nm (GFP fluo- 
rescence). In each measurement 2 X 10 4 cells were analyzed 
and myocytes presenting a fluorescence intensity higher than 
10 1 were considered GFP positive (GFP fluorescence cutoff 
[Ml]). 

Detection of apoptosis 

The activity of caspase 3 was determined with a colorimet- 
ric CPP32 assay kit by the detection of chromophore p-m- 
troanilide after cleavage of the labeled substrate DEVD-/?-ni- 
troanilide (Clontech, Heidelberg, Germany). A total of 2 X 10 6 
isolated rat cardiomyocytes in culture or 50 slices from the an- 
terolateral wall of rabbit LV myocardium (7 pm) were lysed 
and equal amounts of protein were reacted with 50 pM DEVD- 
p-nitroanilide at 37°C for 1 hr. The activity was determined 
photometrically at 405 nm, and the results were calibrated with 
known concentrations of ^-nitroanilide. The units of protease 
activity were defined as the amount of caspase 3 required to 
produce 1 pmol of p-nitroanilide at 25 °C. 

CAD activity was determined by DNA fragmentation assay, 
using rat liver nuclei (Enari et ai, 1998). Briefly, 100 pg of 
protein from crude lysate of sham-operated or failing rabbit 
heart tissue was incubated with 10 6 liver nuclei in a reaction 
buffer consisting of 10 mM HEPES (pH 7.0), 40 mM ^-glyc- 
erophosphate, 50 mM NaCI, 2 mM MgCl 2 , 5 mM EGTA, 1 mM 
dithiothreitol (DTT), 2 mM ATP, 10 mM creatine phosphate, 
creatine kinase (50 pg/m\), and a mixture of protease inhibi- 
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tors. After 90 min of incubation at 37°C nuclei were lysed in 
100 mM Tris-HCl (pH 8.5), 5 mM EDTA, 0.2 M NaCl, 0.2% 
SDS, and proteinase K (1 mg/ml) for 10 min at 56°C. DNA 
was precipitated by adding an equal volume of isopropanol, dis- 
solved in 20 p\ of Tris-HCl, pH 8.5, containing 1 mM EDTA 
and RNase A (1 mg/ml) and incubated at 37°C for 30 min. DNA 
was analyzed by gel electrophoresis. 

TUNEL staining was performed with an in situ cell death 
detection kit (Roche Diagnostics, Mannheim, Germany) ac- 
cording to the manufacturer instructions, and combined with 
Hoechst 33258 (0.5 /tg/ml; Sigma) nuclear counterstaining. To- 
tal and TUNEL- positive nuclei were counted in 10 microscopic 
fields from 7-jtm ventricular sections for each heart. The mean 
number of nuclei per millimeter squared was multiplied by the 
section area to calculate the number of total and TUNEL-pos- 
itive nuclei for each section. More than 1000 nuclei were 
counted for each sectioa 

Histone-associated DNA fragments in rat ventricular car- 
diomyocytes and rabbit heart slices were determined with a 
commercially available quantitative nucleosome enzyme-linked 
immunosorbent assay (ELISA), according to the manufacturer 
instructions (Roche). The amount of nucleosomes in the lysate 
of 2 X 10 3 cells or 5 slices from the anterolateral wall of the 
LV (7 pm) was photometrically determined at 405 nm. The 
DNA fragmentation enhancement factor was calculated for each 
group of experiments as OD tr e atnie nt/OD con t ro i, after subtraction 
of background OD405. 

Cell shortening experiments in vitro 

Fractional shortening was measured in rabbit adult car- 
diomyocytes isolated from the LV of sham-operated or failing 
hearts 15 days after transcoronary adenovirus application and 
maintained for 1 day in culture. Experiments were performed 
in a temperature-controlled cuvette (37 °C), at constant medium 
flow and constant electrical field, using an electro-optical mon- 
itoring system (Scientific Instruments, Heidelberg, Germany), 
as described (Laugwitz et al. y 1999). As medium, a 1.8 mM 
Ca 2+ -Tyrode's solution was used. Infected cells were selected 
by GFP fluorescence. 



Microinjection 

Microinjection experiments were performed with freshly iso- 
lated myocytes from sham- operated rabbits, using a Femto-Jet 
microinjector (Eppendorf, Hamburg, Germany). Fluorescein 
isothiocyanate (FITC) -conjugated dextran (6 mg/ml) alone or 
plus human recombinant active caspase 3 (4 and 20 ng/pl) in 
5 mM potassium phosphate buffer (pH 7.4, 100 mM KC1) was 
injected (/>; = 1000 hPa, t\ = 0.1 sec, P c = 30 hPa) into the cy- 
toplasm of cells in culture medium supplemented with 200 pM 
2,3-butanedione 2-monoxime (BDM), 10 pM verapamil, and 
optionally with 100 pM DEVD-FMK. After 2 hr of incubation, 
cells were used for contractility measurements or phalloidin 
staining. Injected cells were selected by FITC fluorescence. 

Assessment of inflammation and necrosis 

Hematoxylin-eosin staining was used to detect inflamma- 
tory cell infiltrates and necrosis in samples from LV my- 
ocardium of animals that had received adenoviral gene transfer 
(CHF+ Ad-p35, n = 3; CHF+Ad-GFP, n = 3) after 15 days of 
pacing. Three CHF animals served as controls. 

Statistical analysis 

Data represent means ± SEM and were analyzed by one- 
way analysis of variance (ANOVA) followed by Scheffe post- 
hoc analysis. Statistical significance was accepted at the level 
of p < 0.05. 

RESULTS 

Effects of chronic tachycardia in rabbits 

The present study investigates a model of low-output CHF 
that resembles human alterations at the hemodynamic and bio- 
chemical levels (Masaki et aU 1993; Akhter et aL, 1997). Fif- 
teen days of ventricular pacing at rates of 340 beats/min re- 
sulted in gross clinical evidence of systemic heart failure in the 
animals, including biventricular dilatation, pleural effusions, 
and abdominal ascites. Echocardiographic studies showed an 



Table 1. Echocardiographic and Hemodynamic Measurements in Rabbits after 15 Days of 
Ventricular Pacing and Transcoronary Gene Delivery of Ad-GFP a 



Krebs-Ringer (n = 8) Ad-GFP (n = 8) 



Prepacing Postpacing p Value Prepacing Postpacing p Value 



HR, bpm 


182 


± 


6.0 


189 


+ 


7.0 


NS 


180 




7.0 


190 




10.0 


NS 


Body weight, kg 


2.8 




0.5 


2.75 




0.8 


NS 


2.85 




0.4 


2.8 




0.3 


NS 


LVEDD, mm 


13.2 




0.5 


17.1 


± 


0.7 


<0.05 


13.7 




0.4 


16.5 




0.3 


<0.05 


LVESD, mm 


7.9 


± 


0.4 


14.4 




0.6 


<0.01 


8.4 


± 


0.3 


14.0 




0.5 


<0.01 


FS, % 


39.7 


± 


1.6 


15.3 


+ 


1 


<0.001 


38.0 




1.6 


15.0 


-f- 


1.5 


<0.001 


LVEDP, mmHg 


3.5 


± 


0.4 


14.3 




1.2 


<0.001 


2.9 




0.3 


14.0 




1.0 


<0.001 


LVSP, mmHg 


90.0 


± 


7.0 


67.0 




8.0 


<0.01 


82.0 


± 


9.0 


68.0 




6.0 


<0.01 


LV +dp/dt, mmHg/sec 


1557 




104 


896 




68 


<0.005 


1502 




101 


883 




150 


<0.005 



a Values represent means ± SEM. HR, heart rate (beats/min [bpm]); LVEDD, left ventricular (LV) end-diastolic dimension; 
LVESD, LV end-systolic dimension; FS, fractional shortening calculated as % FS = [(EDD - ESD)/EDD] X 100; LVEDP, LV 
end-diastolic pressure; LVSP, LV end- systolic pressure; dp/dt max , maximum rate of LV pressure development. 
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increase in left ventricular (LV) end-diastolic dimension and a 
reduction of fractional shortening (FS) in the CHF rabbits 
(Table 1). In vivo hemodynamic measurements demonstrated 
higher left ventricular end-diastolic pressure and lower LV con- 
tractility (assessed by LV +dpldf) in the paced animals. LV di- 
mensions, calculated FS, basal hemodynamics, and LV -Vdpldt 
were unaffected by adenoviral gene transfer (Table 1). 

Apoptotic parameters in failing myocardium 

To assess biochemical hallmarks of apoptosis in the hearts 
of paced rabbits, a series of molecular analyses was performed. 
In cytosolic cell extracts prepared from failing and sham-oper- 
ated LV myocardium, a significant (~6-fold) increase in cas- 
pase 3 activity was documented in the CHF tissue after 15 days 
of pacing (84 ± 5.3 vs. 15.8 ±3.1 active units; sham, n — 6; 
CHF 7 days, n = 4; CHF 15 days, n = 8; Fig. 1A). To exam- 
ine the ability of cell ly sates of failing myocardium to cause 
DNA degradation in vitro, liver nuclei were incubated with ex- 
tracts of CHF heart tissue and DNA was analyzed by agarose 
gel electrophoresis (Enari et al. y 1995). DNA fragmentation ac- 
tivity, producing the typical DNA ladder showing multiples of 
180 bp, was already present after 7 days of pacing in failing 
myocardium but not in tissue of sham -operated animals (n = 4 
in each group; Fig. IB). The nuclease responsible for DNA 
degradation in the caspase 3 apoptotic pathway is CAD, which 
is produced as a complex with its inhibitor ICAD (Enari et at., 
1998). We used immunoblotting of cytosolic fractions from fail- 
ing myocytes to assess the evidence of ICAD cleavage. The 
ICAD subunit of ~45 kDa was relatively stable in sham-oper- 
ated control myocardium. In contrast, a main 12-kDa cleavage 
product was present in failing tissue and in lysates of healthy 
myocardium after incubation with recombinant caspase 3. This 
cleavage of ICAD was blocked in the presence of the caspase 
3 inhibitor DEVD-FMK (n = 6 in each group; Fig. 1C). 

In end-stage heart failure, apoptosis is accompanied by DNA 
degradation (Olivetti etaL, 1997). The number of apoptotic nu- 
clei was evaluated in sham-operated and failing myocardium 
by terminal deoxynucleotidyltransferase (TdT)-mediated dUTP 
nick end labeling (TUNEL) staining (n = 3 in each group; Fig. 
2A). Simultaneous a-sarcomeric actin staining confirmed that 
apoptotic nuclei were predominantly in cardiomyocytes. The 
increase in TUNEL-positive myocytes assessed by semiquan- 
titative scoring correlated with DNA-histone formation in fail- 
ing myocardium (Fig. 2B and C). As shown in Fig. 2C, whole 
cell extracts from myocardium after 15 days of pacing had an 
almost 6-fold increase in hi stone-associated DNA fragments 
compared with extracts from sham- operated controls (sham, 
n = 6; CHF 7 days, n = 4; CHF 15 days, n = 8). The apop- 
totic changes regarding caspase 3 and CAD activities, TUNEL- 
positive nuclei, and nuclear DNA fragmentation consistently in- 
creased with the duration of pacing in this animal model (Fig. 
1A and B; Fig. 2B and C). 

Transcoronary gene delivery and time course of 
transgene expression 

To manipulate caspase 3-activated apoptosis, an adenoviral 
construct for p35 as a potent caspase inhibitor was generated. 
Adenovirus was structured to encode transgene and GFP as re- 
porter gene. In addition, the transgene was epitope tagged for 
immunostaining. We have previously demonstrated robust ex- 
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FIG. 1. Induction of caspase 3-mediated CAD activation in 
myocardium of sham-operated (sham) or paced (CHF) animals. 
(A) Caspase 3 enzyme activity levels measured in cytosolic 
fractions of anterolateral LV tissue. Data are expressed as 
means ± SEM. Sham, n = 6; CHF 7 days, n = 4; CHF 15 days, 
n — 8. *p < 0.005 in comparison with sham. (B) Fragmenta- 
tion of genomic DNA purified from isolated rat liver nuclei in- 
cubated with cytosolic extracts of sham-operated (S) and fail- 
ing heart after 7 days (CHF 7 d) and 15 days (CHF 15 d) of 
pacing. Shown are representative data from one of four animals 
in each group. (C) Immunoblot analysis of native ICAD cleav- 
age in lysates of myocardium from sham-operated (S) and fail- 
ing rabbits (CHF). Tissue samples from sham-operated controls 
were incubated with recombinant human caspase 3 (CPP32) and 
its tetrapeptide inhibitor DEVD-FMK (CPP32 DEVD). Shown 
are representative results from one of six animals in each group. 

pression of adenoviral transgenes in rabbit myocardium by in 
vivo transcoronary delivery in the left coronary system after 
serotonin and low calcium pretreatment (Weig et aL y 2000). 

Fluorescence imaging of microscopic sections of sham-op- 
erated heart infected with bicistronic Ad-p35 revealed high lev- 
els of GFP expression throughout the manipulated myocardium. 
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FIG. 2. Nuclear apoptosis in paced myocardium. (A) Fluorescence imaging of heart sections (7 fim) after 15 days of rapid ven- 
tricular pacing. Blue fluorescence (420 nm) illustrates nuclei by Hoechst 33258 and green fluorescence (520 nm) shows apop- 
totic nuclei identified by TUNEL staining. Immunostaining for a-sarcomeric actin reflects myocytes (red fluorescence, 615 nm). 
Original magnification: X630. Shown are representative sections from one of three hearts. (B) Semiquantitative analysis of myo- 
cyte apoptosis detected by TUNEL staining in sham-operated (sham) and failing hearts after 7 days (CHF 7 d) and 15 days (CHF 
15 d) ventricular pacing. Data are expressed as means ± SEM; n — 3 animals in each group. *p < 0.01 in comparison with sham. 
(C) DNA-hi stone complex formation measured in cytosolic fractions of anterolateral LV tissue. Data are expressed as means ± 
SEM. Sham, n — 6; CHF 7 days, n = 4; CHF 15 days, n - 8. **p < 0.005 in comparison with sham. 



Immunostaining for the epitope- tagged transgene showed sig- 
nals in the same area restricted to the anterolateral wall, corre- 
sponding to the perfusion bed of the circumflex artery, the dom- 
inant left coronary artery in rabbits (Fig. 3A). To quantify gene 
expression after transcoronary delivery, we isolated single car- 
diomyocytes from LV myocardium of sham-operated and GFP- 
infected rabbits and performed flow cytometry studies for GFP 
fluorescence 0, 4, 7, and 15 days after infection. In comparison 
with background fluorescence on day 0, GFP expression clearly 
increased at 4 days (44%) and 7 days (37%), but gradually de- 
clined after 15 days (26%) (Fig. 3B). These data are in accor- 
dance with other first- generation adenoviral gene transfer stud- 
ies (Donahue et al, 2000). We did not observe any GFP 
expression differences between failing or nonfailing tissue. 

No evidence of cell necrosis was present in samples from 
LV myocardium of 15-day paced animals that had received 
gene transfer of Ad-p35 and Ad-GFP (n - 6). Fifteen days af- 
ter gene delivery, we observed a mild inflammatory infiltration, 
mainly of mononuclear cells, both in Ad-p35- and Ad-GFP-in- 
fected myocardial tissue. 



p35 expression blocks caspase 3 activity and 
DNA fragmentation in vitro and in failing 
myocardium in vivo 

Before determining the functional consequences of adeno- 
viral infection in failing myocardium, we examined the ex- 
pression and function of p35 in TNF-a- stimulated apoptotic 
ventricular myocytes in culture (Fig. 4A and B). TNF-a; is an 
autocrine contributor to myocardial dysfunction and an induc- 
tor of programmed cell death in several cardiac diseases 
(Krown et aL, 1996). Because rabbit TNF-a is not available, 
we performed in vitro experiments in adult cardiomyocytes iso- 
lated from rat hearts. Forty-eight hours after Ad-p35 infection 
in vitro, extracts from rat myocytes expressed significant lev- 
els of recombinant protein, as determined by immunoblotting 
(data not shown). In TNF-a-treated cells, caspase 3 activity 
and nucleosome formation were significantly increased. Ade- 
noviral expression of p35 efficiently suppressed TNF-a-stim- 
ulated caspase 3 activity to basal levels (n = 4 animals; Fig. 
4A and B). 
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FIG. 3. Transgene expression in LV myocardium after in vivo transcoronary adenovirus application. (A) Microscopic slices (3 fim) 
of sham-operated rabbit heart 4 days after infection with bicistronic adenovirus coding for GFP and p35 (5 X 10 10 PFU). Direct p35 
expression was documented by immunostaining with a monoclonal anti-FLAG M2 antibody directed against the artificial epitope. 
The samples were visualized by phase-contrast fluorescence microscopy at 520 nm for GFP (left) and at 615 nm (Texas Red fluo- 
rescence) for p35 (right). Original magnification: X25. (B) Time course of GFP expression was analyzed by flow cytometry experi- 
ments in freshly isolated cardiomyocytes from sham-operated rabbit myocardium after Ad-GFP gene delivery. Ml indicates the GFP 
fluorescence cutoff; 2 X 10 4 cells were analyzed in each sample. Shown are cumulative data from four animals (one animal each day). 



Next, we serially examined in vivo expression of p35 4, 7, 
and 15 days after adenoviral gene transfer in sham-operated 
animals by immunoblotting. p35 expression showed a maxi- 
mum after 4-7 days and gradually decreased at day 15 (Fig. 
4C). Cell extracts prepared from failing myocardium after 15 
days of pacing documented a significant increase in caspase 
3 activity, and a 5.5-fold caspase 3-mediated induction of 



DNA fragmentation compared with sham-operated controls 
(Fig. 4D and E). Gene delivery of Ad-p35 to failing hearts ef- 
ficiently blocked caspase 3 stimulation (28 ± 1 1 vs. 84 ± 5.3 
active units) and clearly reduced DNA-histone formation in 
comparison with CHF (2.7- vs. 5.5-fold increase; sham, n = 
6; CHF, n = 8; CHF+Ad-p35, n = 4; CHF + Ad-GFP, n = 4; 
Fig. 4D and E). 
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FIG. 4. Blockade of caspase 3 activity and nucleosome formation by adenoviral overexpression of p35 in vitro and in vivo. (A) 
Caspase 3 activity and (B) DNA-histone formation determined in lysates of isolated rat cardiomyocytes infected in vitro with 
Ad-p35 and Ad-GFP (MOI of 100 PFU/cell). Apoptosis was induced in the infected cells by incubation with rat TNF-a (3500 
IU/ml) for 18 hr. The tetrapeptide inhibitor of caspase 3 (DEVD-FMK) was applied in a concentration of 5 \iM. Data in (A) and 
(B) are expressed as means ± SEM; n = 4 per each group. (C) Immunoblot analysis of extracts from anterolateral wall of Ad- 
p35- infected rabbit myocardium 0, 4, 7, and 15 days after gene transfer. Immunostaining was performed with two monoclonal 
antibodies, anti-FLAG M2 and anti-a-sarcomeric actin, to document in parallel p35 and actin expression. Shown are cumulative 
data from four animals (one animal each day). (D) Caspase 3 enzyme activity levels and (E) DNA-histone formation assessed 
in ventricular tissue from sham- operated (sham) and failing hearts (CHF). Rabbits were paced for 15 days and received an in- 
tracoronary application of Krebs-Ringer, Ad-p35, or Ad-GFP. Data in (D) and (E) are expressed as means ± SEM. Sham, n = 
6; CHF, n = 8; CHF+ Ad-p35, n = 4; CHF+ Ad-GFP, n = 4. *p < 0.005, **p < 0.001, and < 0.01 in comparison with 
control/sham or TNF-a-stimulated/CHF cardiomyocytes. 



Blocking caspase 3 activation improves 
contractile force in vivo 

To assess the functional effects of p35 in preventing the pro- 
gression of heart failure as cytosolic modulator of myocardial 



programmed cell death, we measured echocardiography and 
hemodynamic parameters after adenovirus-mediated gene de- 
livery. FS was measured after 7 and 15 days of pacing in CHF 
rabbits and failing animals that received Ad-p35 or Ad-GFP 
(Fig. 5 A and B). FS was significantly elevated at day 15 after 
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FIG. 5. Echocardiographic and hemodynamic measurements in genetically manipulated hearts infected with Ad-p35. (A) FS 
and (C) LVEDP were assessed in sham-operated (sham) and failing hearts (CHF) after 15 days of pacing and transcoronary ap- 
plication of Krebs-Ringer, Ad-GFP, or Ad-p35. (B) Time course of fractional shortening after 7 and 15 days of pacing. (D) dpldt- 
max recordings after administration of increasing doses of epinephrine. Data are shown as means ± SEM, n = 8 per each group. 
*p < 0.05, **p < 0.001 in comparison with sham and CHF+ Ad-GFP hearts. 



rapid ventricular pacing in CHF+Ad-p35 animals, whereas no 
effect was seen in CHF+ Ad-GFP rabbits (22 ± 1 vs. 15.0 ± 
1.5%, n = 8 in each group, p < 0.05). 

Left ventricular end-diastolic pressure (LVEDP) and +dpldt 
as characteristics of global ventricular contractility were deter- 
mined to complement the echocardiographic information. 
LVEDP in CHF+Ad-p35 animals was reduced compared with 
the CHF + Ad-GFP group (10.4 ± 0.8 vs. 14.0 ± 1 mmHg, n = 
8 in each group, p < 0.05; Fig. 5C). When cytosolic caspase ac- 
tivity was blocked by overexpression of p35 up to 15 days over 
the pacing period, cardiac contractility in rabbits, as measured by 
LV +dp/dt, was significandy enhanced in response to epineph- 
rine compared with Ad-GFP-treated failing hearts (Fig. 5D). 

The failing hearts in this model had no significant increase 
in LV mass when normalized to either tibial length or body 
weight. Overexpression of p35 in the paced hearts did not have 



any significant effect on LV mass, normalized to tibial length 
or body mass (Table 2). 

Functional reconstitution of contractile 
force by overexpression of p35 by 
reducing sarcomeric disarray 

To investigate the effect of p35 expression on contractile 
function of single ventricular cardiomyocytes 15 days after in 
vivo gene delivery, cells from the target area of sham + Ad-GFP, 
CHF + Ad-GFP, and CHF+Ad-p35 myocardium were isolated. 
Transgene-expressing cells were selected by GFP fluorescence. 
Figure 6A-C show confocal laser scanning microscopy of iso- 
lated myocytes after phalloidin staining to visualize polymeric 
actin. Interestingly, failing cardiomyocytes expressing p35 
showed a better organized sarcomeric structure compared with 



Table 2. Morphometry Analyses 1 



Group 


Body weight 


LV weight 




LV/TL (X10 3 ) 


(n = 4) 


(8) 


(8) 


LV/BWfXlO 3 ) 


(g/cm) 


Sham + Ad-GFP 


2900 ± 305 


9.7 ± 0.6 


3.28 ± 0.8 


950 ± 59 


CHF + Ad-GFP 


2800 ± 346 


9.4 ± 0.8 


3.32 ± 0.4 


921 ± 37 


Sham + Ad-p35 


2950 ± 423 


9.5 ± 0.4 


3.20 ± 0.9 


931 ± 45 


CHF + Ad-p35 


2740 ± 502 


9.8 ± 0.9 


3.51 ± 0.7 


960 ± 74 



Abbreviations: LV, left ventricle; BW, body weight; TL, tibial length. 
a For all groups no significant values were reached. 
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sham+Ad-GFP CHF+Ad-GFP CHF+Ad-p35 basal 10-11 10-1° 10-9 1CH 10-? 10-6 

isoproterenol (M) 



FIG. 6. Effect of p35 expression on sarcomere organization and contractile performance of myocytes from paced hearts. Ven- 
tricular rabbit cardiomyocytes were isolated from the anterolateral wall of sham-operated Ad-GFP-infected (A), failing Ad-GFP- 
infected (B), and failing Ad-p3 5- infected myocardium (C) and visualized by laser scanning fluorescence microscopy after phal- 
loidin staining. Scale bar corresponds to 5 /tm. (D) Morphology of phalloidin-stained myofibrils was semiquantitatively scored 
on the basis of the area occupied by organized sarcomere in total cell area: poor, less than one-third (black pattern); moderate, 
less than two-thirds (striped pattern); good, more than two-thirds (white pattern). Eight hundred cells isolated from 4 animals 
were counted for each group. (E) Contraction amplitude in isolated cardiomyocytes after in vivo gene delivery of Ad-p35 and 
Ad-GFP in sham-operated or paced rabbits. Data in (E) are expressed as means ± SEM, n = 60 cells from four rabbits in each 
group. *p < 0.001 in comparison with CHF+Ad-GFP. 



Ad-GFP-infected failing cells with destroyed sarcomeric units. 
The degree of sarcomere organization assessed by semiquanti- 
tative scoring of rod-shaped cells is presented in Fig. 6D. The 
ratio of myocytes with well-organized sarcomeres (more than 
two-thirds of cell area) was 64 ± 1% in sham+Ad-GFP, 13 ± 
3% in CHF+Ad-GFP, and 52 ± 4% in CHF+Ad-p35 car- 
diomyocytes (800 rod-shaped cells, expressing the transgene, 
and isolated from four animals were analyzed in each group). 
The percentage of round, dead cells was 28 ± 4%, 39 ± 8%, 
and 20 ± 6%, respectively (2000 cells isolated from 4 animals 
were randomly selected and counted in each group). 

Shortening amplitude was measured in failing and nonfail- 
ing cells from myocardium infected in vivo with Ad-p35 or Ad- 
GFP, electrically stimulated at a rate of ^70 contractions per 
minute. Experiments were performed in myocytes with moder- 
ate or good sarcomeric structure. Adenoviral infection did not 
alter shortening characteristics. As shown in Fig. 6E, failing 
cardiomyocytes expressing p35 presented a significantly in- 
creased basal shortening amplitude compared with equivalent 



myocytes infected with Ad-GFP (4.3 ± 0.4 vs. 1.8 ± 0.2%, 
n = 60 in each group, p < 0.001). This enhancement of con- 
tractile force was also seen after isoproterenol stimulation and 
the EC50 of the dose-response curve was shifted to higher val- 
ues, similar to those of nonfailing cells treated with Ad-GFP 
(Fig. 6E). These results indicate that p35 restores sarcomeric 
organization and thereby reconstitutes contractile performance 
of failing myocytes. 

Microinjection of activated caspase 3 in isolated 
ventricular cardiomyocytes 

To examine whether activation of caspase 3 is sufficient for 
induction of sarcomeric disarray, we microinjected activated 
enzyme into the cytoplasm of rabbit ventricular healthy car- 
diomyocytes. Positive cells (~ 10-20%) were identified by 
FITC fluorescence. Morphological characteristics of cardiomy- 
ocytes 2 hr after microinjection of activated caspase 3 (4 and 
20 ng//xl) compared with control-injected cells are presented in 
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Fig. 7 A and B. Treatment of myocytes with caspase 3 caused 
a rapid, concentration-dependent destruction of the straight and 
striated bundles of the sarcomeric units (Fig. 7B, left and right). 
Single-cell shortening experiments in microinjected cardiomy- 
ocytes showed a caspase 3- mediated reduction in basal and iso- 
proterenol- stimulated contraction (4.3 vs. 9.8% [10~ 8 M iso- 
proterenol], n = 45 in each group, p < 0.005). These effects 
were blocked by preincubation of the myocytes with DEVD- 
FMK (Fig. 7C). 



DISCUSSION 

In the present study, we report the novel finding that caspase 
activation influences cardiac performance of failing ventricular 
myocytes by destroying sarcomeric structure. Caspase 3 acti- 
vation, present in failing myocardium, can be corrected via ad- 
enovirus- mediated gene delivery of p35 with a positive impact 
on contractility. 

In at least four different models of ischemia-re perfusion in- 
jury (cardiac, renal, cerebral, and liver), caspase inhibition has 
resulted in decreased infarct volumes and partially improved or- 
gan function (Nicholson, 2000). However, no information was 
previously available as to whether caspase activation contrib- 
utes to disease progression in heart failure and whether car- 
diomyocytes rescued from apoptosis under such conditions 
preserve their contractile function. Caspases have multiple in- 
tracellular targets involved in chromatin condensation, DNA 
fragmentation, and cytoskeletal destruction (Hengartner, 2000). 
In cardiac myocytes, the cytoskeleton is a highly specialized 
structure, whose components can be classified into three groups: 
(1) the force-generating contractile sarcomeric unit (e.g., 
actin-myosin filaments, troponin-tropomyosin complex), (2) 
the intrasarcomeric cytoskeleton regulating the contraction cy- 
cle (e.g., titin, a-actinin, and myosin-binding protein C), and 
(3) the extrasarcomeric cytoskeleton (e.g., desmin, lamins, and 
dystrophin) (Chen and Chien, 1999). The impact of abnormal- 
ities in the cytoskeleton-sarcomeric network on cardiac func- 
tion has been demonstrated in hereditary forms of hypertrophic 
and dilated cardiomyopathy (Towbin, 1998; Kamisago et aL, 
2000). In addition, cleavage of dystrophin by enteroviral pro- 
tease 2A has been suggested as a molecular mechanism for ac- 
quired forms of dilated cardiomyopathy (Badorff et aL, 1999). 
These findings indicate that defective transmission of force 
through loss of sarcomere integrity or cytoskeletal structures 
leads to myocyte dysfunction. 

In a rabbit model of CHF, we investigated whether activa- 
tion of caspases contributes to disease progression and influ- 
ences contractility by sarcomere disorganization. Pacing-in- 
duced heart failure has served as a useful experimental model 
for the study of dilated cardiomyopathy, which is associated 
with enhanced expression of box, a gene that stimulates apop- 
tosis (Leri et aL, 1998). To manipulate caspase activation in 
failing myocardium, we used the baculoviral cell survival pro- 
tein p35, which blocks apoptosis induced by TNF, Fas, gluco- 
corticoids, radiation, and DNA-damaging agents by inhibiting 
caspases 1, 2, 3, 4, 6, 7, 8, and 10 (Villa et aL, 1997). 

Four lines of evidence support the notion that caspases play 
a role in the development of CHF. First, the activities of cas- 
pase 3 and CAD, two key molecules in the process of myocar- 




basal iso10-SM basal isoKHM basal isolO^M 
control CPP32 CPP32+DEVD 



FIG. 7. Microinjection of activated caspase 3 into the cyto- 
plasm of healthy ventricular cardiomyocytes. (A) Myocytes 
were microinjected with FITC-conjugated dextran alone or (B) 
plus human recombinant active caspase 3 (4 ng/pl, left, 20 
ng/fi\, right). The morphology of actin fibers was visualized by 
laser scanning fluorescence microscopy after phalloidin stain- 
ing. Original magnification: X630. (C) Contraction amplitude 
under basal conditions and isoproterenol stimulation (10~ 8 M) 
was determined in cells 2 hr after microinjection of FITC-con- 
jugated dextran (open columns) or caspase 3 at 4 ng/pA (CPP32) 
(solid columns). Preincubation of DEVD-FMK was performed 
(hatched columns). Data are shown as means ± SEM, n — 45 
cells from two animals in each group. *p < 0.005 in compari- 
son with control injected cells (basal; isoproterenol 10" 8 M). 

dial apoptosis, are increased in this CHF model (Fig. 1). 
Similar findings for caspase 3 in biopsies of human cardiomy- 
opathy hearts confirm our results (Narula et aL, 1999). Sec- 
ond, somatic gene delivery of p35 into failing myocardium sig- 
nificantly reduced caspase 3 activity and nucleosome formation 
in vivo (Fig. 4). Echocardiography and hemodynamic function 
of the p35-expressing hearts was partially restored (Fig. 5). 
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These results are in accordance with previously published data 
about reconstitution of visual function in a retinitis pigmentosa 
model in Drosophila by caspase 3 inhibition (Davidson and 
Steller, 1998). Third, isolated cardiomyocytes of failing hearts 
treated with Ad-p35 showed significantly increased basal and iso- 
proterenol-stimulated fractional shortening and better organized 
sarcomeric structure (Fig. 6). Because p35 expression had no pos- 
itive inotropic effect in healthy cardiomyocytes in vitro (data not 
shown), one might speculate that its preservation of contractile 
force is due to irreversible caspase inhibition. Fourth, cytoplas- 
mic microinjection of activated caspase 3 in healthy cells induced 
a concentration-dependent destruction of the sarcomeric units, as 
demonstrated by phalloidin staining of polymerized actin, and 
correlated with reduced contractile performance (Fig. 7). 

Several mechanisms may cause caspase- mediated sarcomere 
disorganization in failing cardiomyocytes. Caspase 3- mediated 
activation of gelsolin and a consecutive shift of polymerized 
actin to monomeric actin in the sarcomeric unit can be discussed 
as one molecular mechanism (Sun et al., 1999). Another pos- 
sibility for caspase-induced sarcomere destruction is the direct 
cleavage of actin by caspase 3, because cytoskeletal actin is a 
substrate of caspases (Mashima et al., 1999). Further studies 
should investigate the interaction of caspase 3 with other sar- 
comere proteins, because putative cleavage sites are located in 
the ATP-binding domain of the myosin heavy chain, in troponin 
T and I, tropomyosin, and tropomodulin. Another important is- 
sue to be elucidated is whether myocytes with poor organized 
sarcomere show caspase 3 activation without nuclear DNA 
damage in order to examine whether caspases play a role in the 
deterioration of cell function in the absence of triggering the 
full death program. 

Cardiac- specific deletion of the signaling receptor subunit, 
gpl30, leads to massive cardiac apoptosis and accelerated di- 
lated cardiomyopathy after aortic banding (Hirota et al., 1999). 
Further investigations should determine the existence of an in- 
tersection between the proapoptotic caspase 3 pathway and the 
antiapoptotic gpl30 survival pathway in CHF. 

Limitations of this study are (1) transcoronary gene deliv- 
ery, which affects only a limited area of LV myocardium, and 
(2) the use of first-generation adenoviral vectors, which induce 
an inflammatory response and result in transient gene expres- 
sion. In rabbits, the left coronary system is dominant and the 
circumflex artery is by far the largest coronary vessel. The gene 
delivery protocol via the left coronary system used in this study 
affected ~30% of the whole LV myocardium 4 days after in 
vivo infection (Fig. 3). Hajjar et al. established a catheter- based 
technique that allows for generalized cardiac gene transfer in 
vivo (Hajjar et al., 1998). However, our group and Lai et al. re- 
ported functional modulation of cardiac performance in vivo by 
using intracoronary adenovirus delivery after modification of 
the endothelial barrier (Lai et al, 2000; Weig et al., 2000). In- 
fection of rabbit myocardium with recombinant adenoviruses 
did not affect myocyte apoptosis, as had already been observed 
in vitro (Matsui et al., 1999). Histologic slices showed a mild 
inflammatory infiltrate 15 days after gene transfer, equally in 
the Ad-p35- and Ad-GFP-treated group. Therefore, we believe 
the immunological response did not confound our results. 

Fifteen days after gene transfer, ~14% of the cardiomy- 
ocytes from whole LV myocardium showed GFP fluorescence. 
By using a bicistronic vector to control transgene expression 



and by studying functionally isolated myocytes from the target 
area, we were able to verify that the observed increase in con- 
tractility in vivo was directly mediated by caspase inhibition in 
cardiomyocytes. 

Because the molecular mechanism of p35 is not a direct 
cAMP- or Ca 2+ -regulated positive inotropism, but a protection 
from sarcomere disorganization via irreversible caspase inhibi- 
tion, protein synthesis is necessary to counteract its effect (Bump 
et ai, 1995). Although p35 expression and caspase 3 activity 
were inversely correlated over the time course of heart failure 
development, transgene levels documented in the first week of 
pacing should be sufficient to block tachycardia-induced caspase 
activation, and thereby delay heart failure in this animal model. 

In summary, we have ameliorated systolic function in fail- 
ing myocardium by blocking caspases through gene transfer of 
recombinant adenovirus expressing p35. Improved contractile 
function and reduced LV end-diastolic pressures were associ- 
ated with reduction in caspase 3 activity, DNA fragmentation, 
and sarcomere disorganization. This study provides evidence 
that caspase activation contributes to the progression of heart 
failure and that its prevention leads to partial restoration of car- 
diac hemodynamics. 

NOTE ADDED IN PROOF 

During the review process of the present article, myocyte apop- 
tosis assessed by caspase 3 and CAD activities and TUNEL stain- 
ing has been reported in a similar model of rapid ventricular pac- 
ing in dogs by Cesselli et al (Circ. Res. 2001;89:279-286). 
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Attenuation of Ischemia/Reperfusion Injury in Rats by 

a Caspase Inhibitor 

Hiroyuki Yaoita, MD; Kazuei Ogawa, MD; Kazuhira Maehara, MD; Yukio Maruyama, MD 

Background — Z-Val-Ala-Asp(OMe)-CH 2 F (ZVAD-fmk), a tripeptide inhibitor of the caspase interleukin- 1/3- converting 
enzyme family of cysteine proteases, may reduce myocardial reperfusion injury in vivo by attenuating cardiomyocyte 
apoptosis within the ischemic area at risk. 

Methods and Results — Sprague-Dawley rats were subjected to a 30-minute coronary occlusion followed by a 24-hour 
reperfusion. An inert vehicle (dimethylsulfoxide; group 1, n=8) or ZVAD-fmk, at a total dose of 3.3 mg/kg (group 2, 
n=8), was administered intravenously every 6 hours starting at 30 minutes before coronary occlusion until 24 hours of 
reperfusion. At this 24-hour point, hemodynamics were assessed by means of cardiac catheterization; then, the rats were 
killed, and the left ventricle was excised and sliced. The myocardial infarct size/ischemic area at risk and the count of 
presumed apoptotic cardiomyocytes (terminal deoxynucleotidyl transferase— mediated dUTP-biotin nick end labeling 
[TUNEL] -positive cells) within the ischemic area at risk were assessed through triphenyltetrazolium chloride staining and 
TUNEL methods, respectively. Peak positive left ventricular dP/dt was higher (P=.02) and left ventricular end-diastolic 
pressure was lower (P=.04) in group 2 than in group 1. The infarct size/ischemic area at risk of group 2 (52.4±4.0%) was 
smaller (P=.02) than that of group 1 (66.6±3.7%), and TUNEL-positive cells were fewer (P=.0002) (group 2, 3.1±0.9%; 
group 1, 11.1 ±1.0%). Agarose gel electrophoresis revealed DNA laddering in the border zone myocardium of group 1, 
but DNA ladder formation was attenuated in group 2. 

Conclusions — ZVAD-fmk was effective in reducing myocardial reperfusion injury, which could at least be partially attributed 
to the attenuation of cardiomyocyte apoptosis. (Circulation. 1998;97:276-281.) 
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Attempts to reduce the extent of myocardial reperfusion 
injury have included lowering the risk posed by certain 
injurious factors and potentiating various aspects of cardiopro- 
tection relating to ischemic duration, 1 oxygen free radicals, 2 * 3 
proinflammatory cytokines, 4,5 and preconditioning. 6-10 It has 
been reported that apoptosis is a significant contributor to 
myocardial cell death as a result of reperfusion injury. 1 There- 
fore, it might be hypothesized that this type of injury could be 
attenuated if a portion of the injured myocardial cells could be 
rescued from an apoptotic death. 

See p 227 

The caspase inhibitors, that is, ICE-like protease inhibitors, 11 
interfere with apoptosis at a point subsequent to the initiation 
of the proapoptotic process in cells that have already received 
apoptosis-promoting signals. As opposed to reducing the 
exposure of cardiomyocytes to injurious stimuli, apoptosis of 
these cells is attenuated through modulation of the caspase- 
related proapoptotic process, and this may allow ischemic 
myocardium to survive even after receiving significant injury. 
ZVAD-fmk (fluoro-methylketone), a tripeptide inhibitor of 
the caspase, is reported to attenuate cardiomyocyte apoptosis in 



vitro. 6 In the present study, we investigated whether ZVAD- 
fmk lowers the extent of experimental myocardial reperfusion 
injury in vivo by attenuating cardiomyocyte apoptosis. In a rat 
model for myocardial reperfusion injury, infarct size and the 
appearance of presumed apoptotic cardiomyocytes were as- 
sessed in two groups that were or were not administered this 
protease inhibitor. 

Methods 

This study was carried out under the supervision of the Animal 
Research Committee in accordance with the Guideline on Animal 
Experiments of Fukushima Medical College and Japanese Govern- 
ment Animal Protection and Management Law (No. 105). 

Animal Model 

Twenty-six of 36 adult male (290 to 310 g body weight) Sprague- 
Dawley rats were anesthetized through intraperitoneal administration 
of 30 mg/kg sodium pentobarbital. Under artificial ventilation with a 
rodent ventilator, a left thoracotomy was performed. The proximal 
portion of the left coronary artery was surgically occluded for 30 
minutes through ligation with a suture (size 6.0) followed by coronary 
reperfusion through release of the tie. Coronary occlusion was 
confirmed through elevation of the ST segment on the £CG obtained 
from a limb lead. Transient ventricular arrhythmias were evoked in all 
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Selected Abbreviations and Acronyms 


DMSO 


= 


dimethylsulfoxide 


ICE 


= 


interleukin- 1)3- converting enzyme 


I/R 


= 


infarct size/ ischemic area at risk 


(±)-LV dP/dt 




peak positive ( + ) and negative (— ) first 






derivatives of left ventricular pressure 


LVEDP 




left ventricular end-diastolic pressure 


LVSP 




left ventricular peak systolic pressure 


PMN 




polymorphonuclear leukocyte 


TdT 




terminal deoxy nucleotidyl transferase 


TTC 




triphenyltetrazolium chloride 


TUNEL 




terminal deoxynucleotidyl transferase— mediated 






dUTP-biotin nick end labeling 


ZVAD-fink 




Z-Val-Ala-Asp(OMe)-CH 2 F 



rats **5 minutes after coronary occlusion, but these usually disap- 
peared after 10 minutes of occlusion. After coronary reperfusion, the 
tie was left loose on the surface of the heart, the chest was closed, and 
the intratracheal tube and ECG electrodes were removed. The rats 
were returned to their cages, where they awakened, and they were 
allowed free access to food and water until they were killed 24 hours 
later. 

One milligram of ZVAD-fmk (Enzyme Systems Products) was 
dissolved in 107 ptL of DMSO (Wako Pure Chemicals). In group 2 
animals (n=8), ZVAD-fink, at one fourth of a total dose of 3.3 mg/kg 
body weight, was administered as a bolus into the tail vein four times 
during the study (first 30 minutes before coronary occlusion and then 
three times every 6 hours after reperfusion) . The same amount of an 
inert vehicle (DMSO) was administered in the same manner to rats of 
group 1 (n=8). 

To assess whether the amount of DMSO used as a vehicle would 
have a toxic effect in vivo, one fourth of a total DMSO volume of 353 
uX/kg body weight (n— 5) or the same volume of saline (n=5) was 
administered four times to sham-operated rats in the same manner as 
to groups 1 and 2. 

Leukocytes are known to be involved in the formation of myocar- 
dial reperfusion injury. 12 As a positive control for this model of 
coronary reperfusion injury, 4 rats were administered absorbed poly- 
clonal rabbit anti-rat PMN antisera at a dose of 3 mL/kg (Inter-Cell 
Technologies) 36 hours before coronary occlusion. Each was sub- 
jected to the 30-minute coronary occlusion and 24-hour reperfusion 
protocol, and 0.5 mL of blood was taken before occlusion and just 
before death. 

Hemodynamic Assessment 

Twenty-four hours after coronary reperfusion, rats were anesthetized 
again through intraperitoneal administration of 30 mg/kg sodium 
pentobarbital. ECG readings were monitored, and a polyethylene tube 
(PE 50; Becton-Dickinson) was inserted into the left ventricular cavity 
via the right carotid artery. LVSP, LVEDP, and (±)-LV dP/dt were 
measured using a polygraph system (AP601G; Nihon Koden). 

Assessment of Infarcted Area and Detection of 
TUNEL-Positive Cardiomyocytes 

After hemodynamics were assessed at 24 hours of coronary reperfu- 
sion, 0.5 mL of blood was obtained from the catheter for measurement 
of blood cells. Then, an intratracheal tube was inserted, and the chest 
was reopened under artificial ventilation. The coronary artery was 
again briefly occluded through ligation of the tie that remained at the 
site of the previous occlusion. Immediately after the ligation, 1% Evans 
blue solution was infused through the catheter into the beating left 
ventricular cavity to delineate the ischemic area at risk (underperfused 
and then reperfused area) of the left ventricle. After administration of 
an excessive dose of sodium pentobarbital into the left ventricular 
cavity, the heart was excised and cross-sectioned from the apex to the 
atrioventricular groove into five specimens of ^2 mm in thickness 
with the use of a stereoscope. Because there may be some anatomic 



differences in the left coronary artery of each rat, the three middle 
slices were prepared for morphometry to determine the ischemic area 
at risk. These slices were incubated with a 4% TTC 13 solution for 30 
minutes at 37°C in a dark room. Then, ischemic but viable (TTC- 
stained) and infarcted (TTC-unstained) zones within the underper- 
fused and then reperfused area (Evans blue— unstained) and the 
nonischemic area (Evans blue-stained) were stereoscopically measured 
using the point-counting method of Weibel 14 with an eyepiece 
equipped with a 25-square grid (Integration No. 1; Zweiss) under 
100X magnification, and I/R was calculated. These slices were then 
fixed in 10% neutral-buffered formalin. Using paraffin sections that 
were 4 ft-m thick, TUNEL was performed as described previously 15 
with minor modifications. Briefly, nuclei of tissue sections were 
stripped of proteins through incubation with 20 /ig/mL proteinase K 
(Sigma Chemical) for 15 minutes at room temperature. The slides 
were incubated with 2% H 2 0 2 for 5 minutes to allow inactivation of 
endogenous peroxidase and then incubated for 60 minutes at 37°C 
with 0.3 EU//xL TdT (Takara Schuzo Co) and 0.04 nmoI//iL 
biotinylated dUTP (Boehringer-Mannheirn Biochemica) in TdT 
buffer containing 30 mmol/L Tris-HCl, pH 7.2, 140 mmol/L sodium 
cacodylate, and 1 mmol/L cobalt chloride. The reaction was termi- 
nated with buffer containing 300 mmol/L NaCl and 30 mmol/L 
sodium citrate. The slides were coated with avidin -conjugated per- 
oxidase (Medical and Biological Laboratories) diluted 1:3000 in PBS 
and visualized with the use of chromogen 3,3'-diaminobenzidine 
(Dojindo) and H 2 0 2 . Counterstaining was performed with 2% methyl 
green. Using this method, each cardiomyocyte could be defined, and 
TdT-positive or -negative nuclei were stained dark brown or light 
green, respectively, under light microscopy. When the TUNEL 
method was performed, positive controls were always included. For 
DNase treatment in situ, 15 sections were processed with proteinase K, 
and peroxidase inactivation was carried out as described above. Next, 
the sections were pretreated with DN buffer (30 mmol/L Tris-HCl, 
pH 7.2, 140 mmol/L K cacodylate, 4 mmol/L MgCl 2 , and 

0. 1 mmol/L dithiothreitol); then, DNase I (Sigma) at 100 ng/mL was 
dissolved in this buffer and used to cover each section. After a 
15-minute incubation at room temperature, the slides were washed 
extensively with double-distilled water, and DNA nick end labeling 
was carried out. 

Using an eyepiece for the point-counting method (Integration No. 

1, Zweiss), which was performed under a light microscope at a 
magnification of 400 X, we determined the count ratio of the area of 
cardiomyocytes with TdT-stained nuclei with that of total cardio- 
myocytes (TUNEL-positive cardiomyocytes) within the ischemic area 
at risk. The entire area was searched through an orderly shifting of the 
visual field using the outer grids of the eyepiece for orientation. 
TUNEL-positive cardiomyocytes were carefully distinguished from 
TUNEL-positive noncardiomyocytes, such as macrophages. 

To assess the distribution of the infarcted area and TUNEL-positive 
cardiomyocytes in the left ventricular wall, we subdivided the ische- 
mic area at risk into three transmural stratified layers of equal thickness 
(epicardial, middle, and endocardial) in each slice mentioned above 
(Fig 1). We also divided the ischemic area at risk into five radial 
segments, and then these five radial segments were rearranged as (Fig 
1) a right lateral border segment adjacent to the interventricular 
septum; a total of three central segments; and a left lateral border 
segment adjacent to the left ventricular posterior wall. For each of the 
segments or layers, I/R and TUNEL-positive cardiomyocytes were 
calculated, as well as for the entire ischemic area at risk. 

Using some of the paraffin sections of groups 1 and 2, hematoxylin 
and eosin staining was also performed for confirmation of myocardial 
reperfusion injury, such as myocardial cell coagulation, contraction 
bands, bleeding, and inflammatory cell infiltration. 

Genomic DNA Extraction and Agarose 
Gel Electrophoresis 

Rats subjected to the same occlusion and reperfusion protocol as 
groups 1 and 2, respectively (n=3 each group), had their hearts 
excised at 24 hours after reperfusion, and underperfused myocardium 
was delineated using Evans blue. The excised heart was sliced 
immediately as described above. Because TUNEL-positive cardio- 
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rat heart 





myocardial segments and layers 
epicardial layer ^ antmrinr «„n / 
middle layer 
endocardial lay* 

central segment 

Interventricular I 



posterior wall 



\ 

left lateral border segment 



left ventricular slice 



GHH Evans blue-stained area 

TTC-stained area 
I I TTC -unstained area 
ED ♦ □ ischemic area at risk (unotoperfused and 

then reperfused area) 

Figure 1. Myocardial segments and layers for assessment of 
distribution of the infarcted area and TUNEL-positive cardio- 
myocyles. The three middle slices of the five left ventricular 
slices of each heart were analyzed for measurements of the 
infarcted area and TUNEL-positive cardiomyocytes. The entire 
ischemic area at risk was first divided into five radial segments 
and then classified into three segments (right lateral border, 
central three radial segments, and left lateral border segment). 
The ischemic area at risk (R) was also divided into three myo- 
cardial layers {endocardial, middle, and epicardial layers). The 
measurements of l/R and TUNEL-positive cardiomyocytes were 
done in the entire ischemic area at risk, as well as in each is- 
chemic portion. 



myocytes were found mainly in the lateral border zones and the 
endocardial side of the ischemic area at risk (as noted in "Results"), we 
isolated fresh myocardial specimens from these zones and from the 
core of infarcted zones (mainly corresponding to the zone of the 
central segment, including middle and epicardial layers in Fig 1) for 
DNA extraction. Each myocardial specimen weighed ^0.2 mg and 
was minced in homogenization buffer (10 mmol/L Tris-HCl, 
150 mmol/L NaCl, and 10 mmol/L EDTA, pH 8.0) at 0°C and 
homogenized for 15 seconds at 10 000 rpm using a Polytron homog- 
enizer (Kinematica AG). The homogenate was then treated with 100 
jLLg/mL proteinase K and 0.1% SDS for 90 minutes at 50°C. The 
DNA was extracted with phenol and chloroform followed by ethanol 
precipitation. The pellet was resuspended in TE buffer (10 mmol/L 
Tris-HCl, pH 8.0, and 1 mmol/L EDTA) and treated with DNase- 
free RNase (Boehringer-Mannheim) for 2 hours at 37°C. The 
concentration of DNA was measured through spectrophotometry, 
and 10 ^ig of each DNA sample was then electrophoretically fraction- 
ated on a 1.5% agarose gel containing ethidium bromide at a 
concentration of 0.4 /utg/mL. DNA was visualized with a UV (302 
nm) transilluminator, and the gel was photographed with the use of a 
Polaroid camera. 

Statistical Analysis 

Data are expressed as mean±SEM. To compare group 1 {control 
ischemia/reperfusion) with group 2 or to compare the two groups of 
sham-operated rats, an unpaired t test was performed. For comparisons 



between the positive anti-PMN control and the other groups, 
one-way ANOVA followed by Fisher's posthoc comparison was 
carried out. For comparisons in I/R and TUNEL-positive cardio- 
myocytes among different myocardial portions, two-way ANOVA 
followed by Fisher's posthoc comparison was carried out. A value of 
P<.05 was considered statistically significant. 

Results 

Hemograms 

White blood cell counts just before death revealed no differ- 
ence between group 1 (9502±351//i,L) and group 2 
(9350±435//xL). In anti-PMN-treated rats, white blood cell 
counts were 956±132//xL (P<.0001 versus group 1 and group 
2) before coronary occlusion and 1081 ±156/^,1, (P<.0001 
versus group 1 and group 2) just before death. In this positive 
control group, lymphocytes made up most of the white blood 
cells (>99%). 

Positive Control for the Rat Model of 
Reperfusion Injury 

The ischemic area at risk was 53.0 ±2.5% (NS versus group 1 
and group 2), and the I/R was 51.0±1.7% (P<.05 versus 
group 1, NS versus group 2). 

Hemodynamics 

Although the LVSP did not differ between groups 1 and 2, the 
LVEDP of group 2 was lower (P=.04) than that of group 1 
(Table). The positive LV dP/dt of group 2 was greater (P=.02) 
than that of group 1 , but the heart rates of the two groups did 
not differ. 

For the sham-operated rats, administration of DMSO or 
saline resulted in no differences in LVSP/EDP or LV dP/dt 
value or in the heart rate. 

Myocardial Infarct Size and 
TUNEL-Positive Cardiomyocytes 

The ischemic areas at risk of groups 1 and 2 were similar 
(53.9±2.9% in group 1 and 55.4±3.0% in group 2, NS). In the 
entire ischemic area at risk, the I/R of group 2 (52.4±4.0%) 
was significantly (P=.02) smaller than that of group 1 
(66.6±3.7%) (Fig 2, left). The I/Rs of left and right lateral 
border segments or endocardial and epicardial layers were 
smaller (P<.05, <.05, or P<.05, <.01, respectively) than that 
of the central segment or that of the middle layer in group 1 
(Fig 3). In group 2, the I/Rs of all of three myocardial 
segments and all of three layers were smaller (P<.05, each) 
than those of group 1. 

We confirmed that all nuclei of cardiomyocytes on sections 
subjected to DNase treatment (as a positive control for the TUNEL 



Hemodynamics Before Death 



Group 


LVSP/LVEDP, mm Hg 


LV dP/dt, mm Hg/s 


Heart Rate, bpm 


1 


133±5/9±1 


+ 4296 ± 204/ - 4385 ± 337 


428±18 


2 


136±8/5±1* 


+4907±1297-4715±227 


409±14 


PMN-depleted (positive controls) 


126±1/6±1 


+ 471 6 =t 1 43/- 4684 ± 1 30 


410±10 


Sham with DMSO 


139±5/2±1f 


+5545±205t/-5468±131t 


390±10 


Sham with saline 


137±2/2±1t 


+5440±147t/-5088±316 


398±14 



*P<.05, t?<.01 vs group 1. 

In group 2, LVEDP was lower and +LV dP/dt was higher than in group 1. 
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p*0.02 




~ 30 



p-0.0003 



group- 1 group -2 

(n=8) (n=8) 

Figure 2. Infarct size and TUNEL-positive cardiomyocytes in 
the entire underperfused and then reperfused area. Left, l/R. 
Right, TUNEL-positive cardiomyocytes in the ischemic area at 
risk. The column representing the infarcted area was lower 
(P=.02) for group 2 than for group 1. The counts of TUNEL- 
positive cardiomyocytes in group 2 were lower (P=.0002) than 
in group 1. Group 1, infarcted rats (n=8) administered vehicle; 
group 2, infarcted rats (n=8) treated with ZVAD-fmk at a total 
dose of 3.3 mg/kg. 



method) were stained dark brown each time the TUNEL method 
was performed. The concentration of the TUNEL-positive cardio- 
myocytes of group 2 (3.1 ±0.9%) was significantly (P=.0O02) less 
than that of group 1 (11.1±1.0%) (Fig 2, rigfit). In group 1, 
TUNEL-positive cardiomyocytes were greater in left and right lateral 
segments (P<.05, <.01, respectively) than in the central segment and 
greater in the endocardial layer (P<.01) but smaller in the epicardial 
layer (P<.01) than in the middle layer (Kg 4). In group 2, TUNEL- 
positive cardiomyocytes of all of three segments (fK.Ol, each) and of 
endocardial, middle, and epicardial layers (P<.01, <.01, <.05, 
respectively) were smaller than those of group 1 (Figs 4 and 5). 
Therefore, there were no significant differences of TUNEL-positive 
cardiomyocytes in group 2 among the three myocardial segments or 
three myocardial layers (Fig 4). 

Neither TTC-negative zones nor TUNEL-positive cardio- 
myocytes were detected in the sham-operated rats adminis- 
tered DMSO or saline. 
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Myocardial Segments 



Endocardial Middle Epicardial 
Myocardial Layers 



■ group- 1 (n=8) 
□ group- 2 (n»8) 



* <0.05 
t <0.01 



Figure 3. The l/R in myocardial segments or myocardial layers. 
In group 1 , the l/R was smaller in left and right lateral border 
segments (P<.05, respectively) than the central segment (left). 
Furthermore, in this group, the l/R was smaller in endocardial 
and epicardial layers (P<.05, <.01, respectively) than the middle 
layer (right). In group 2, the l/R of three myocardial segments 
(left) and of three myocardial layers (right) was smaller than that 
of the corresponding segments or layers of group 1 (P<.05, 
respectively). 
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Figure 4. The TUNEL-positive cardiomyocytes in myocardial 
segments or myocardial layers within the ischemic area at risk. 
In group 1, TUNEL-positive cardiomyocytes of left and right lat- 
eral border segments (left) were greater than that of the central 
segment (P<.05, <.01, respectively). In this group, TUNEL-posi- 
tive cardiomyocytes of the endocardial layer or those of the epi- 
cardial layer were greater (P<.01) or smaller (P<.01) than those 
of the middle layer, respectively (right). In group 2, TUNEL-posi- 
tive cardiomyocytes were smaller than those of group 1 in all of 
three myocardial segments and three myocardial layers (P<.05 
or <.01). 



Agarose Gel Electrophoresis 

DNA laddering indicative of fragmented DNA was clearly dem- 
onstrated in myocardial specimens sampled from the lateral border 
zones and the endocardial side of the ischemic area at risk in group 
1 (lane 4) but was attenuated in group 2 (lane 3), as shown in Fig 
6. DNA laddering in the core of infarction was attenuated in 
group 1 (lane 2) and was absent in group 2 (lane 1). 

Discussion 

The present study revealed that administration of ZVAD- 
fmk reduced both the size of the myocardial infarct, as 
assessed through TTC staining, and the number of 
TUNEL-positive cardiomyocytes, with significant hemo- 
dynamic improvement in vivo in rats that underwent the 
30-minute coronary occlusion and 24-hour reperfusion 
procedure. TUNEL-positive cardiomyocytes appeared to 
be apoptotic in this study because well-defined (group 1) or 
attenuated (group 2) DNA laddering on electrophoresis was 
consistent with a higher or lower value of TUNEL-positive 
cardiomyocytes, respectively, in the ischemic area at risk of 
the two groups. In a preliminary study using frozen sections, 
we confirmed that none of the TUNEL-positive cardio- 
myocytes were stained with TTC. Therefore, a reduction in 
their number appeared to contribute to a reduction in the 
myocardial infarct size. These results suggested that ZVAD- 
fmk was effective in reducing myocardial reperfusion injury, 
which could be at least partially attributed to the attenuation 
of cardiomyocyte apoptosis. 

ZVAD-fmk achieved ^21% decrease in the I/R and ^72% 
decrease in TUNEL-positive cardiomyocytes, as ratios com- 
pared with the control ischemia/reperfusion. However, the 
absolute value for decrease in TTC unstained area (^14%) 
appeared somewhat greater than that of TUNEL-positive 
cardiomyocytes (^8%) (Fig 2); we must be careful to simply 
compare the absolute values of TUNEL-positive cardiomyo- 
cytes with the I/R because the methodology for quantification 
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Figure a Light microscopic findings on the distribution of TUNEL-positive cardiomyocytes at 24 hours after reperfusion. A, TUNEL-positive cardio- 
myocytes (arrows) in the endocardial layer of ischemic area at risk on the section from group 1 at a high magnification. B, Possibly necrotic cardio- 
myocytes (top to middle) and a TUNEL-positive cardiomyocyte (bottom) in the middle layer on the section from group 2. TUNEL-positive cardio- 
myocytes were frequently detected in the endocardial layer in group 1 (control ischemia/reperfusion) (A). In this group, TUNEL-positive 
cardiomyocytes were widely spread close to endocardium. In contrast, only a few TUNEL-positive cardiomyocytes were detected mainly in the 
endocardial side close to the core of infarction in group 2 Oschemia/reperfusion with administration of ZVAD-fmk). The core of infarction consisted of 
possibly necrotic cardiomyocytes with appearance of disappeared nuclei and degenerated cytoplasm (B). TUNEL-positive cardiomyocytes did not 
coexist with the mass of these degenerated cardiomyocytes but were present in the surrounding area within central segments or middle layers. 



was not the same between TTC staining (histochemical area 
measurement on myocardial slices) and the TUNEL method 
(histological cell counting on paraffin sections). Furthermore, 
we cannot exclude the possibility that ZVAD-fmk interferes 
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Figure 6. Agarose gel electrophoresis. S indicates size marker (bp). 
Lane 1 , sampled from the core of infarction in myocardium with the 
same experimental protocol as group 2; lane 2, sampled from the 
core of infarction in myocardium with the same experimental protocol 
as group 1 ; lane 3, sampled from endocardial and lateral border 
zones of the ischemic area at risk in myocardium with the same 
experimental protocol as group 2; and lane 4, sampled from endocar- 
dial and lateral border zones of the ischemic area at risk in myocardi- 
um with the same experimental protocol as group 1 . DNA laddering 
was well defined in the sample from peripheral zone of the ischemic 
area at risk in control ischemia/reperfusion (lane 4), but DNA ladder 
formation was attenuated in peripheral zone of the ischemic area at 
risk in the ZVAD-fmk-treated ischemia/reperfusion (lane 3) or in the 
core of infarction in control ischemia/reperfusion (lane 2). DNA ladder 
was not detected in the core of infarction in ZVAD-fmk-treated ische- 
mia/reperfusion (lane 1). 



with myocardial necrotic process as well as the apoptotic 
process. 16 " 18 Tsujimoto and colleagues 1718 recently revealed that 
ICE inhibitors retarded necrotic cell death as well as apoptotic 
cell death in their in vitro system of chemical hypoxia. The 
authors speculated that there was possible involvement of 
common mediators in apoptotic and necrotic signal transduc- 
tions, although their detailed mechanisms remain to be deter- 
mined. In the present study, we might have observed effects of 
ZVAD-fmk on these possible but undetermined common 
mediators. However, our examination in an in vivo system is 
not suited for approach to signal transductions of these two 
forms of cell death. The third possibility is the difference in 
time from initiation of cellular change until elimination be- 
tween apoptosis and other types of cell death, both forming the 
infarction. Apoptotic cells are eliminated through phagocytosis 
in a few minutes in an in vitro condition 19 and in a few hours 
in an in vivo condition. 20 In contrast, necrotic cardiomyocytes 
are eliminated much slowly by infiltrating inflammatory cells. 
Although a turnover of apoptotic cardiomyocytes in vivo has 
not been clarified so far, it may be speculated that the amount 
of TUNEL-positive cells quantified at a death stage may not 
equal the total amount of apoptotic cardiomyocytes that appear 
during a 24-hour reperfusion period. 

To date, nothing is known about the fate of cardiomyocytes 
that have been exposed to ZVAD-fmk but have not under- 
gone a proapoptotic process, such as initiation of apoptotic 
signal transduction via TNF receptor. These cardiomyocytes 
may continue to survive or may undergo an early death 
because of injury already sustained. Myocardial infarct size was 
assessed only at 24 hours after reperfusion in the present study. 
Future studies will be needed to evaluate the viability of 
cardiomyocytes that escape apoptosis through assessment of 
infarct extension in the later phase of reperfusion. 
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A. Baldi, A. Abbate, R. Bussani, G. Patti, R. Melfi, A. Angelini, A. Dobrina, R. Rossiello, E Silvestri, R 
Baldi and G. Di Sciascio. Apoptosis and Post-infarction Left Ventricular Remodeling. Journal of Molecular and 
Cellular Cardiology (2002) 34, 165-174. Apoptosis is a common pathological feature in acute myocardial infarction 
(AM), however, its role in the later phases (>10 days) of AMI and in post-infarction left ventricular remodeling 
has not been characterized. The aim of the study was to identify signs of ongoing cell apoptosis late post AMI. 
Sixteen hearts were collected at autopsy from subjects 12 to 62 days after the onset of AMI. In situ end-labeling 
of DNA fragmentation (TUNEL) and co-staining with caspase-3 were performed. Double-positive cells were denned 
as apoptotic and the apoptotic rate was calculated. Values are expressed as median and interquartile range. Co- 
stainings with muscle-actin, splicing factor (SC35), PCNA, bax and bcl-2 were also performed. Apoptotic rates at 
site of infarction [25.4% (17.0-28.4%)] were significantly higher v those at remote regions [0.7% (0.5-0.8%); 
P<0.001] and significantly correlated to left ventricular longitudinal and transverse diameters [r= +0.70 (P= 
0.016) and r= +0.63 (P= 0.004) respectively]. Moreover, in subjects with persistently occluded infarct-related 
artery (14 cases) there was a significantly higher apoptotic rate at the site of infarction compared to those (2 
cases) with patent artery [26.0% (21.9-28.5%) v 4.5% (0.6% and 8,4%);P = 0.033]. A significantly greater bax 
immuno-reactivity close to the infarction v remote areas was found (P<0.001). High grade apoptosis is present 
at sites of infarction in the later phases post AMI. This is more evident if the infarct-related artery is persistently 
occluded and signs of ventricular remodeling are present. These data may provide an explanation of progressive 
late left ventricular dysfunction. © 2002 Elsevier Science Ltd. 

Key Words: Apoptosis; Myocardial infarction; Remodeling; Caspase-3 ; bax; bcl2. 



Introduction 

Apoptosis, or programmed cell death, is an energy- 
requiring and highly regulated process involved in 
development, homeostasis and senescence. Apo- 
ptosis is triggered by the activation of intracellular 
signalling pathways associated with the con- 
densation of chromatin into crescentic caps of nuc- 
lear DNA at the periphery. Apoptotic cells then 
undergo extracellular degeneration or phagocytosis 



by macrophages without eliciting an inflammatory 
reaction. 1 It is acknowledged that apoptosis con- 
tributes both to homeostasis and human diseases. 
As such, it has been recognized as a key process in 
the adaptations of the cardiovascular system to its 
continuously changing demands. 2 3 Recently, it has 
been implicated as a fundamental pathogenetic 
mechanism in a variety of diseases including acute 
myocardial infarction (AMI), and post-ischemic and 
idiopathic dilated cardiopathy. 4 " 10 New techniques, 
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Figure 1 (A) Sampling of the different specimens, at a site of recent infarction (arrow) and at sites remote from it (*), 
in an examined heart collected from a 82-year old subject with a history of anterior and septal AMI (15 days earlier). 
AMI, Acute myocardial infarction. (B) Hematoxylin/ Van Gieson. Site of recent infarction: reparative fibrosis, newly 
sprouted vessels and granulation tissue (original magnification x 500). (C) Hematoxylin/ Van Gieson. Region remote 
from the infarcted area (original magnification x 500). (D) TUNEL staining. Region of the left ventricle at the site of 
infarction: several TUNEL-positive cells are shown (*) (original magnification x 500; lightly counterstained with 
hematoxylin). (E) TUNEL staining. Region of the left ventricle remote from the infarcted area: no TUNEL-positive cells 
are detected (original magnification x 500; lightly counterstained with hematoxylin). (F) Double staining: nuclear 
staining for TUNEL (*) and cytoplasmic staining for muscle-actin (O)- TUNEL-positive cells co-express muscle-actin 
(original magnification x 600; AEC, lightly counterstained with hematoxylin). (G) Double staining: nuclear staining 
for TUNEL (*) and cytoplasmic staining for Caspase-3 (CO- Great majority of TUNEL-positive cells co-express caspase- 
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especially the in situ end-labeling of DNA frag- 
mentation (TUNEL), have enabled an easy qual- 
itative and quantitative evaluation of apoptotis in 
tissues and proposed a re-interpretation of pre- 
viously acquired concepts. 4-11 In particular, in AMI 
a greater incidence of apoptosis v necrosis has been 
reported in experimental models 5 and confirmed in 
humans, 610 with a particular localization at the 
borders of infarction. However, the incidence of 
apoptosis in the later phase post AMI (up to 60 
days) in humans and its role in determining post- 
infarction left ventricular (LV) remodeling have not 
been characterized to date. The primary goal of 
our study was to evaluate ongoing myocardiocyte 
apoptosis in these phases and the secondary ob- 
jective was to investigate its correlation with signs 
of LV remodeling and infarct-related artery (IRA) 
patency. To this aim, pathological examination of 
human hearts late post AMI was performed using 
TUNEL combined with additional stainings for 
muscle actin and for markers of cell death mediators 
(caspase-3, bax and bcl-2), DNA synthesis (PCNA) 
and transcription activity (RNA splicing factor SC- 
35). 

Materials and Methods 

Selection of the samples 

Sixteen hearts were collected at autopsy (University 
of Trieste and Second University of Naples, Italy) 
from subjects who died 12 to 62 days after the 
onset of MI, median interval 23 days. All subjects 
were hospitalized before death, and none of them 
suffered from a re-infarction, as indicated by clinical 
data and serial CK and CK-MB determination. The 
cause of death was trauma in 4 cases while con- 
gestive heart failure and comorbidities were present 
in the rest. Features of cardiogenic shock or pro- 
longed i.v. inotropic support were not described 
in the clinical charts. Clinical and demographic 
characteristics of the subjects are shown in 
Table 1. 

Pathological examination 

Autopsy was performed within 30 hours after death 
in all cases. Gross examination of the hearts was 



Table 1 Clinical and demographic characteristics 



Number of subjects 


16 


Median age (years) 


73 


Range 


(60-96) 


Male sex 


12 (75%) 


Recent AMI 


16 


(<2 months) 


(100%) 


Median time post AMI (days) 


23 


Range 


(12-62) 


Previous old AMI 


8 


(>6 months) 


(50%) 


Left ventricular dysfunction 


13 


(LVEF <45%) 


(81%) 



AMI, acute myocardial infarction; LVEF, Left ventricular ejec- 
tion fraction. 



performed to measure LV parameters and to define 
the infarcted area and the IRA. LV transverse and 
longitudinal diameters were measured at the atrio- 
ventricular section. The LV free wall thickness was 
measured at the median third of the posterior wall. 
Tissue specimens (125-1000 mm 3 ) were obtained 
at sites of myocardial infarction and in regions of 
the left ventricle remote from the infarcted area 
supplied by a patent coronary artery [Figure 1(A)]. 
Specimens were fixed in 10% paraformaldehyde in 
0.1m buffer. Different sections were processed for 
each specimen. Morphologic analysis of tissue struc- 
ture, cellular and nuclear integrity and in- 
flammatory infiltrates was performed by light- 
microscopy after dehydration, embedding in 
paraffin and staining. 

TUNEL assay 

TUNEL reaction was performed using the per- 
oxidase-based Apoptag kit (Oncor, Gaithersburg, 
MD, USA). TUNEL positive cells were detected with 
diaminobenzidine and H 2 0 2 according to the sup- 
plier's instructions. Moreover, in order to optimize 
the procedure, we applied the modifications to the 
protocol suggested by Saraste. 12 The experiment 
was repeated on different sections for each specimen 
(two to four). One hundred random fields ( x 250) 
per section were analyzed (12.5 mm 2 ). 

Immunocytochemistry 

Several series of TUNEL-stained sections, as well as 
consecutive deparaffinized and dried sections were 



3. (original magnification x 600; AEC, lightly counterstained with hematoxylin). (H) Caspase-3 immunohistochemical 
staining of human lymph nodes as a positive control. Strong immunoreactivity for activated caspase-3 in the apoptotic- 
prone germinal center B-lymphocytes of a lymph node is clearly visible (original magnification x 500; AEC, lightly 
counterstained with hematoxylin). 
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subsequently stained for different markers. All the 
sections were heated in a microwave oven twice 
for 5min at 700 W in citrate buffer (pH6), then 
incubated with antibodies against muscle actin 
(mouse monoclonal anti-human actin HHF35 from 
DAKO, CA, USA; dilution 1:50), caspase-3 (rabbit 
polyclonal anti-human caspase-3 from Upstate Bio- 
technology, NY, USA; dilution 1:100), PCNA 
(mouse monoclonal anti-human PCNA PC 10 from 
DAKO; dilution 1:100) and splicing factor (mouse 
monoclonal anti-splicing factor SC-35 from Sigma, 
Milan, Italy; dilution 1:200), and visualized by the 
streptavidin-biotin system (DAKO), using either 3- 
amino-9-ethylcarbazide (AEC) or diaminobenzidine 
(DAB) as the final chromogen. The optimal working 
dilutions were defined on the basis of titration 
experiments. Negative controls for each tissue sec- 
tion were prepared by leaving out the primary 
antibodies, which resulted in a complete dis- 
appearance of the nuclear staining for the 
antibodies used, indicating the non-interference 
of TUNEL with the secondary antibodies. 
Immunoreactivity (positive/negative) for each 
staining coincided between pairs of identical nuclei 
of myocytes on mirror sections. Positive controls 
were run with each set of slides. Immuno- 
cytochemistry for bax protein and bcl-2 were also 
performed using specific antibodies (mouse mono- 
clonal anti-human bax sc-7480 and mouse mono- 
clonal anti-human bcl-2 sc-7382 from Santa Cruz, 
CA, USA; at a dilution 1:100). Immunoreactivity for 
these two antigens was quantitated as percentage of 
positive cells per field ( x 250). 



Apoptotic rate 

Myocardiocytes were defined as apoptotic if co- 
localization of markers of DNA fragmentation (TU- 
NEL) and cell death effectors (caspase-3) was evid- 
ent. The apoptotic rate (AR), expressed as a ratio 
of number of myocardiocytes co-expressing TUNEL 
and caspase-3 positivity on nucleated cells per field 
( x 250) at light microscopy, was calculated and 
compared in different specimens by two separate 
observers (A.B. and A.A.) in a double blind fashion. 
Consensus on the percentage of TUNEL positive 
cells was reached in all cases. 



Statistical analysis 

For statistical analysis, the software SPSS 10.0 for 
Windows (SPSS, Chicago, IL, USA) was used. 



Table 2 Gross pathology characteristics 



Weight (g) median 


540 


Interquartile range 


(480-565) 


Transverse diameter (mm) median 


128 


Interquartile range 


(124-139) 


Longitudinal diameter (mm) median 


104 


Interquartile range 


(102-110) 


LV posterior wall thickness (mm) median 


15 


Interquartile range 


(12-16) 


Previous old AMI (>6 months) 


8 




(50%) 


Significant multivessel coronary disease 


8 




(50%) 


Persistently occluded IRA 


14 




(88%) 



AMI, acute myocardial infarction; IRA, infarct-related artery; 
LV, left ventricle. 



Quantitative results were expressed as median and 
interquartile range. Non-parametric tests were used 
to compare AR among different regions of each 
subject (Wilcoxon test for paired data) and among 
different subjects (U Mann-Whitney for non-paired 
data). Correlation between variables was de- 
termined by Spearman rank test, r values represent 
correlation coefficients. P values <0.05 were con- 
sidered significant. 



Results 

Gross pathology and light-microscopy examination 

Table 2 summarizes the gross pathology char- 
acteristics of the hearts. Median transverse and 
vertical diameters were 128 mm and 104 mm 
respectively. Posterior wall thickness was 1 5 mm. 
In six cases of posterior AMI those values were not 
included for further analysis. In fourteen cases 
(88%) an occluded IRA was found, while in the 
remaining two cases (12%) the IRA was found to 
be patent. 

Areas of scarring consistent with previous nec- 
rotic cell death were demonstrable in the infarcted 
area. At light-microscopy signs suggestive of on- 
going necrosis (i.e. nuclear or cytoplasmic ab- 
normalities, evidence of cell rupture) were absent 
in all examined sections while reparative fibrosis 
and newly sprouted capillaries were present, and 
typical post-infarction granulation tissue was evid- 
ent [Fig. 1(B)]. Muscle damage was not present in 
specimens derived from the same subjects at areas 
remote from the infarction [Fig. 1(C)]. These areas 
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Table 3 Correlation between TUNEL staining and 
Caspase-3, SC-35 and PCNA. (Median value and 
interquartile range) 



TUNEL + cells (%) 


30 




(20-34) 


Caspase-3 + (%) 


85 




(83-88) 


SC35 + (%) 


10 




(4-12) 


PCNA + (%) 


0.7 




(0.01-1.1) 


Caspase-, SC35-, PCNA- {%) 


5 




(2-12) 



appeared normal at gross anatomy and light-micro- 
scopy and a patent related coronary was identified. 



TUNEL assay and immunocytochemistry for caspase-3, 
PCNA and SC-35 

TUNEL assay in myocardial specimens collected at 
the site of infarction showed a high rate of positive 
cells in all examined fields [Fig. 1(D)], while in 
regions remote from the infarcted area TUNEL posi- 
tive cells were rare [Fig. 1(E)]. Light-microscopy 
examination of consecutive sections from the speci- 
mens with immunocytochemistry was performed 
for muscle actin. The great majority of TUNEL 
positive cells co-stained was for muscle actin, thus 
showing to be myocardiocytes [Fig. 1 (F)]. Interstitial 
and inflammatory cells were were not included in 
the cell count. 

Table 3 summarizes data showing correlation 
between TUNEL staining and immuno- 
cytochemistry for caspase-3 , PCNA and SC-35. A 
high percentage of the TUNEL positive cells [median 
85% (83-88%)] were overexpressing caspase-3 
[Fig. 1(G)], About 5% of caspase-3 expressing cells 
did not show positivity at TUNEL, and were not 
considered apoptotic. Non-apoptotic myo- 
cardiocytes at the site of infarction, as well as in 
regions remote from the infarction, were mostly 
negative for caspase-3 or contained only weak 
immunoreactivity. Staining of a lymph node is 
shown as a control for the specificity of the immuno- 
histochemical reaction for the activated caspase-3. 
The typical strong immunoreactivity for activated 
caspase-3 in the apoptosis-prone germinal center 
B-lymphocytes is clearly visible [Fig. 1(H)]. 

TUNEL-positive myocardiocytes were mostly neg- 
ative for PCNA and SC-35 immunocytochemistry 
[Figures 2(A) and 2(B); Table 3]. None of the myo- 
cardiocytes (0%) which expressed co-localization of 
TUNEL and caspase-3 were positive for PCNA or 
SC-35. 



Apoptotic rate 

The rate of apoptotic myocardiocytes was sig- 
nificantly higher at sites of infarction [25.4% (1 7.0- 
28.4%)] v remote regions [0.7% (0.5-0.8%), 
P<0.001] [Fig. 3(A)]. In two hearts of subjects with 
patent IRA the AR was significantly lower (0.6% 
and 8.4%) compared to those with a persistently 
occluded IRA [26.0% (21.9-28.5%), P = 0.033] 
[Fig. 3(B)]. Moreover, the AR at the site of infarction 
was found to be positively correlated to signs of LV 
remodeling, LV longitudinal (r= +0.70, P=0.016) 
[Fig. 3(C)] and transverse diameter (r= -f 0.63, P = 
0.004) [Fig. 3(D)]. Not considering data from six 
subjects who had posterior wall infarctions, AR 
remote from infarction showed a mild correlation 
with the LV posterior wall thickness (r=-0.64, P — 
0.06) [Fig. 3(E)]. 

AR in hearts of subjects with a traumatic death 
(four cases, 25%; AR 27.2%) was similar to the AR 
in the others (12 cases, 75%; AR 25.2%; P = 
0.8). No statistically significant difference was found 
comparing AR in those patients who died within 
23 days after AM (median value) v the others 
(27.3% v 25.4%; P = 0.85). 



Immunocytochemistry for bax and bcl-2 

Bax protein expression within the myocardium 
showed a similar localization of TUNEL with a 
significantly higher number of myocardiocytes ex- 
pressing intense bax immunoreactivity in the cyto- 
plasm at site of infarction [52.2% (34.3-58.0%)] v 
remote area [2.5% (0.7-3.4%), P<0.001] [Fig. 
2 (C)] . In Figure 2 (D) a control for bax im- 
munoreactivity on a lymph node is shown. Most 
cells within the germinal center of the lymph node 
were positive for bax expression, while the majority 
of cells within the interfollicular zone were negative. 

Compared to bax expression bcl-2 appeared only 
slightly overexpressed in the infarcted site [2.1% 
(1.4-4%)] v the remote site [0.5% (0.2-1.0%), P = 
0.16] [Fig. 2(E)]. 



Discussion 

To the best of our knowledge, this is the first report 
in humans of persisting myocardiocyte death due 
to apoptosis late post AMI. Necrosis is known to 
cause an important loss of myocardiocytes, with 
attendant ventricular dysfunction and heart failure 
post AMI. Previous studies indicate that myocardial 
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Figure 2 (A) Double staining for TUNEL and PCNA. Rare TUNEL-positive cells express PCNA. A double-positive cell 
is shown (*) (original magnification x 500; AEC, lightly counterstained with hematoxylin). (B) Double staining for 
TUNEL and SC-35. A small portion of TUNEL-positive cells express SC-35. Double-positive cells are shown (*) (original 
magnification x 500; AEC, lightly counterstained with hematoxylin). (C) Dark-brown positive Bax immunoreactivity 
is evident in the cytoplasm of myocardiocytes close to the infarcted area (original magnification x 500; DAB, lightly 
counterstained with hematoxylin). (D) Positive control for bax immunostaining in the germinal center of a lymph node 
(original magnification x 500; DAB, lightly counterstained with hematoxylin). (E) A case of bcl~2 immunohistochemical 
staining of salvaged tissues surrounding the infarcted areas. Few bcl-2 positive myocardiocytes close to the infarcted 
area are detected (original magnification x 500; DAB, lightly counterstained with hematoxylin). 



apoptosis may be as important as necrosis in de- 
tennining myocardiocyte loss in the early phases 
of AMI. 5,6,10 In particular, an apoptosis/necrosis 
ratio close to 30:1 was described in experimental 
AMI models in rats. 5 These data were confirmed in 
humans 610 by the examination of hearts of patients 
who died within 10 days post AMI, with a pref- 
erential localization of apoptotic myocytes at the 
borders of the infarcted site. A reduction of the 
apoptotic rate post AMI was described, but no direct 
observation after the tenth day was reported. In 
our study a persistent myocardiocyte loss due to 
apoptosis late post AMI is suggested by the presence 
of an elevated rate of myocardiocytes positive for 
TUNEL and caspase-3 immunocytochemistry. Apo- 
ptosis appears highly selective for myocardiocytes 
and localized to the infarcted area. The persistence 
of viable cells next to apoptotic ones shows the 



gradual incidence of the event compared to the 
abrupt onset observed with necrosis. The absence of 
ongoing necrosis enhances the specificity of TUNEL 
examination. However, current opinions regarding 
the association between apoptosis and necrosis sup- 
port a possible common feature of cell death be- 
ginning as apoptosis and ending as secondary 
necrosis. 1,4,1314 



Apoptosis and post-infarction left ventricular remodeling 

The presence of apoptosis late post AMI suggests a 
possible relation with the progression of LV dys- 
function sometimes observed in the later phases 
post AMI. In fact, an increased AR up to 232- 
fold in the hearts of patients with end-stage heart 
failure 7,8 has been described. Saraste et al. 9 reported 
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Figure 3 (A) Apoptotic rate at the site of the infarction and at regions remote from it. (B) Significantly lower AR at 
the site of infarction in two hearts with patent IRA (infarct-related artery) v those hearts with persistently occluded 
IRA. (C) Correlation between AR at the site of infarction and left ventricular (LV) longitudinal diameter. (D) Correlation 
between AR at the site of infarction and left ventricular (LV) transverse diameter. (E) Correlation between AR at site 
remote from the infarction (LV posterior wall) and LV wall thickness. (F) Significantly greater bax immuno-reactivity 
in the cytoplasm of myocardiocytes close to the infarction v remote area. AR, apoptotic rate; IRA, infarct-related artery; 
LV, left ventricular. 



a significantly higher AR vs controls in explanted 
failing human heart, with a significant correlation 
between the AR and the severity of clinical ma- 
nifestations and the rapidity of progression of heart 
failure in patients with ischemic heart disease. Their 
data also confirmed a higher AR in proximity of 
infarcted sites, and the highest value observed 
(14%) was in a subject with an AMI within the 
preceding year. 9 Most of the subjects in our series 
showed some degree of LV dysfunction before death, 



and AR correlated with macroscopic signs of post- 
infarction LV remodeling (LV dilatation and LV free 
wall thinning). Similar data were recently described 
in rats. 15 In regions remote from the infarction an 
AR of 0.7% was observed, although significantly 
lower than the AR at the site of AMI, it appears to 
be substantially greater than the rate described 
among control samples by others. 910 These data 
may support a role for apoptosis in regions remote 
from acute ischemic insult to promote LV re- 
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modeling in response to increased mechanical 
stress. 15 ' 17 

Moreover, "the open-artery hypothesis", im- 
proved LV function in the long term post AMI 
deriving from a patent IRA 18 - was already for- 
mulated in the early 1990s, but the underlying 
mechanisms were not clear. In our specimens, a 
patent IRA was associated with a lower AR at the 
site of infarction. Therefore, the benefit observed 
with late coronary revascularization could be due 
to inhibition of apoptosis and prevention of LV 
remodeling, even if a cause-effect link between 
persistent IRA occlusion and apoptosis late post 
AMI cannot be supported by these data. However 
studies of delayed coronary revascularization have 
already shown their clinical efficacy, predicting full 
recovery at site of infarction and overall survival 
benefits. 19 * 20 



Demonstration of apoptosis 

Some authors have suggested a lack of specificity 
of TUNEL on human hearts 13 21,22 whereas others 
have strongly supported its accuracy. 1112 Kanoh 
et ah described TUNEL-positive myocardiocytes in 
hearts with dilated cardiomyopathy as living cells 
with increasing activity of DNA repair rather than 
apoptotic cells. 21 While a strict relation between 
PCNA and TUNEL was present in their data, in our 
cases most of the TUNEL-positive myocardiocytes 
were PCNA-negative and therefore could not be 
considered cells with intense DNA synthesis. On 
the other hand, while it has been suggested that 
RNA synthesis and splicing interferes with TUNEL 
detecting apoptosis, 22 TUNEL-positive cells were 
mostly negative for SC35 in our data. The as- 
sociation of TUNEL and high expression of caspase- 
3 in over 80% of TUNEL-positive myocardiocytes 
further supports the definition of apoptotis. As a 
central mediator of apoptosis in mammalian cells, 
caspase-3 induces caspase-activated DNase ac- 
tivation which leads to DNA fragmentation and also 
cleaves cytoskeletal proteins, leading to significant 
alteration of the cytoskeleton and cell death, even 
in the absence of DNA fragmentation. 23,24 The apo- 
ptotic activity of caspase depends mostly on post- 
transcriptional events, however, increases in the 
mRNA levels have been associated with apoptosis. 25 
It has been shown that high immunohistochemical 
expression of caspase-3 is present in cells under- 
going apoptosis, 26 co-localization of caspase-3 and 
TUNEL staining has been detected in neurons and 
myocardiocytes undergoing apoptosis 23,27 and even 
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if the antibody used for caspase-3 in our study 
recognized both the precursor and the p20 subunit, 
it was recently demonstrated that high caspase-3 
immunostaining with this antibody corresponded 
mostly to increased expression of the activated form 
of caspase-3. 23 Moreover, bax expression appeared 
substantially higher in infarcted v remote areas, 
with a high bax/bcl-2 ratio. Bax's pro-apoptotic 
activity depends on its ability to form heterodimers 
with the inhibitor of apoptosis bcl-2. The ratio of 
bcl-2 to bax expression determines survival or death 
after an apoptotic stimulus 28,29 and different site- 
dependent expression of bcl-2 and bax within the 
heart has been described. 30 

The AR may appear overestimated. It has been 
suggested that even a much lower apoptotic rate 
(<1%) in the hearts of subjects with heart failure 
would lead to a loss of more than 25% of myo- 
cardiocytes during the first year. 31 Notably, the time 
required for the in vivo formation of apoptotic bodies 
and their removal has not been determined in the 
heart, and is currently unknown whether apoptosis 
persists chronically or if its incidence decreases 
during the healing process. In our specimens, AR 
was calculated on a small quantity of myocardium, 
localized in regions of recent infarction in a definite 
time frame. In fact, the rate tended to decrease, 
reaching normal levels (<1%) as the samples were 
taken further away from the infarcted area and 
subjects with previous (>6 months) AMI had a 
much lower apoptotic rate at the infarcted site (A. 
Baldi and A. Abbate, unpublished data, 2000). 
Further studies on the dynamics of myocardiocyte 
apoptosis are necessary to define the impact of 
calculated AR on effective myocardiocyte loss over 
time. 



Conclusions 

Myocardial apoptosis is present late post AMI and 
may be related to progressive ventricular dys- 
function by a cause-effect link. It may therefore be 
considered part of the cellular and topographic 
rearrangements (i.e. cell hypertrophy, elongation, 
side-to-side slippage) in LV remodeling. These data 
deserve further investigation, discussion and con- 
firmation in appropriate studies targeted to analyze 
this interesting cause-effect relation. Recent studies 
raised the possibility of the regeneration of myo- 
cardiocytes at the site of infarction in hearts with 
AMI 32 and suggested that the balance between cell 
death and regeneration may determine whether LV 
remodeling occurs after AMI. PCNA-positive 
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myocardiocytes in our samples may indicate re- 
generating myocardiocytes, with active DNA syn- 
thesis, as described by Beltrami et aV 1 In vivo 
diagnosis of apoptosis appears a promising feature 33 
and interestingly, in experimental models, anti- 
apoptotic therapy (i.e. treatment with ZVAD-fink, 34 
a broad caspase inhibitor) reduced infarct size, en- 
zyme leakage and remodeling, thus opening new 
avenues in the diagnosis and treatment of ischemic 
heart disease. 
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Abstract 

The effect of human recombinant interleukin-1 receptor an- 
tagonist on intestinal inflammation, tissue destruction, and 
bacterial invasion during experimental shigellosis caused by 
Shigella flexneri was studied in the rabbit-ligated loop infec- 
ti n model. Intravenous infusion of the inhibitor at a dose 
of 2 mg/kg per h, was initiated 30 min before intestinal 
loops were ligated and infected, and continued during the 8- 
h period of infection. The animals treated with IL-1 receptor 
antagonist showed a striking decrease in inflammation, de- 
struction, and bacterial invasion of their tissues, both at the 
level of the villous intestine and Peyer's patches. This is 
conclusive evidence that interleukin-1 plays a critical role 
in the pathogenesis of shigellosis* This proinflammatory cy- 
tokine is here proposed as a major trigger of the inflamma- 
tory reaction which is characteristic of this invasive disease 
f the intestine, due to the particular interaction existing 
between S. flexneri and macrophages. (J. Clin. Invest 1995. 
96:884-892.) Key words: shigellosis • invasion • inflamma- 
tion • interleukin-1 • interleukin-1 receptor antagonist 

Introduction 

Shigellosis is an invasive disease of the human colon, caused 
by Shigella, a gram-negative bacillus of the family enterobac- 
teriaceae. Children in developing areas are the principal victims 
of this disease which is largely caused, in its endemic form, by 
Shigella flexneri 

The clinical symptoms of shigellosis range from diarrhea to 
dysentery, characterized by fever, severe intestinal cramps, and 
emission of stools containing blood, pus, and mucus. 

The disease is caused by penetration of invasive shigeliae 
into the colonic and rectal mucosa. Intestinal cells are generally 
considered the primary target for the pathogen ( 1 ) . As recently 
reviewed, in vitro experiments demonstrate that Shigella has 
the capacity to establish efficient intracellular colonization of 
an epithelial layer by hijacking components of the host cell 
cytoskeleton both for entry and for cell to cell spread (2). 
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Mutants unable to enter cells are avirulent in vivo, and those 
impaired in cell to cell spread express attenuated virulence in 
a model of dysentery in macaque monkeys (3). 

However, several observations indicate that shigellosis is 
not exclusively characterized by invasion of colonic and rectal 
epithelial cells. Acute inflammation occurring early after infec- 
tion (4) by a small bacterial inoculum (5) may not only account 
for final mucosal destruction, but also, at an early stage, for 
disruption of the epithelial barrier, thus facilitating bacterial 
invasion through the basolateral pole of epithelial cells, which 
appears to be the essential site of entry (6). This has recently 
been confirmed in vitro, by showing that invasive shigeliae 
inoculated on the apical side of a differentiated monolayer of 
human colonic T84 cells are unable to invade these cells. On 
the other hand, they can promote strong transmigration of PMN 
deposited on the basal side, thus allowing invasion by opening 
of the paracellular pathway to the bacteria (7). In a model of 
mucosal invasion in rabbit ligated intestinal loops, pretreatment 
of animals by infusion of an anti-CD18 monoclonal antibody 
which blocks immigration of PMN leukocytes into the mucosa, 
decreases bacterial invasion and prevents tissue destruction (8). 
Shigellosis therefore resembles an acute inflammatory bowel 
disease, sharing significant clinical and histopathological simi- 
larities with ulcerative colitis. 

Based on these data, we have recently started to investigate 
the pathogenesis of this acute inflammatory process; The macro- 
phage appears to be a key player. In vitro, infected macrophages 
undergo apoptosis when infected with an invasive isolate of S. 
flexneri (9). IpaB, a 62-kD irivasin of this species accounts for 
induction of programmed cell death (10). The period preceding 
macrophage apoptosis is characterized by the release of large 
quantities of IL- 1 a precursor and mature IL- 1 /? ( 1 1 ) . A scheme 
emerges in which bacteria invade the intestinal barrier, essen- 
tially through M cells of the dome epithelium covering the 
lymphoid follicles of the mucosa (8, 12). They are then rapidly 
translocated to local macrophages, trigger their apoptosis, thus 
achieving release of significant quantities of IL-1, and triggering 
a cascade of proinflammatory cytokines. This early inflamma- 
tory response is expected to spread from these areas and to 
destabilize the epithelium, thus facilitating bacterial invasion. 

We therefore hypothesized that if IL-1 played a major role 
at early stages of shigellosis, antagonizing its biological function 
should have an effect on the development of the disease. This 
work demonstrates, in a model of mucosal infection of ligated 
intestinal loops in rabbits, that intravenous infusion of IL-1 
receptor antagonist (IL-lra) 1 starting 30 min before infection 
and continuing for the duration of the experiment, causes con- 
siderable attenuation of the disease symptoms, encompassing 
alterations in volume and composition of fluid exudate, tissue 



1 . Abbreviations used in this paper: IBD, inflammatory bowel disease; 
IL-lra, IL-1 receptor antagonist; L/W, length /width. 
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architecture, and bacterial invasion. In as much as this animal 
model reflects the exact pathogenesis of shigellosis, this work 
demonstrates that IL-1 is a key player mediating invasion and 
inflammation of the intestinal mucosa in the course of this dis- 
, ease. 

Methods 

Bacterial strains and growth conditions. S. flexneri strain M90T, a 
serotype 5 invasive isolate ( 13 ), was used throughout these experiments. 
Bacteria were routinely grown in Tryptic Soy broth (TSB; Difco Labora- 
tories Inc., Detroit, MI). For animal infections, a confluent culture was 
obtained on TSB medium after overnight growth at 37°C. From these 
plates, a bacterial suspension was established in saline at a concentration 
of 10 10 bacteria/ml. 

Rabbit intestinal loop assay. A total of 12 New Zealand White 
rabbits, weighing 2.5^3.0 kg (Charles River Laboratories, St Aubin 
les Elbert, France), was used in these studies, Animals were fasted 24 
h before infection and all manipulations were performed under general 
anaesthesia obtained by intravenous injection of 6% sodium pentobarbi- 
tal (0.5 ml /kg). 

Perfusion of IL-1 ra was initiated 30 min before intestinal loop liga- 
tion. Briefly, local surgery allowed for exposure of the femoral vein. A 
catheter was inserted, and IL-lra (Synergen, Boulder, CO) diluted in 
hospital-grade saline was perfused at constant flow, with an electric 
pump, at a concentration of 2 mg/kg per h, for a total of 8 h and 30 
min. Control animals were perfused under similar conditions with saline. 

Intestinal segments of 10 cm in length were U gated, some of which 
contained a Peyer's patch. The blood supply was carefully preserved 
while ligation was performed. In each loop, 0J> ml of a bacterial suspen- 
sion containing 10 10 bacteria/ml was injected. The abdominal cavity 
was then closed and animals were killed 8 h later. Ligated intestinal 
loops were dissected. The volume of fluid exudate was aspirated and 
measured, 1 ml of fluid was immediately frozen for dosage of TNF 
activity. 

Depending on the next step, loops were either filled with 5 ml of a 
gentamicin solution (50 ftgfm\ in 0.1 M PBS) for counting of invasive 
intracellular bacteria, or opened and dissected for histopathological anal- 
ysis. 

In each rabbit, eight loops were ligated, four corresponding to villous 
intestine and four to Peyer's patches. Therefore a total of 48 blocks of 
villous intestine and 48 blocks of Peyer's patches were submitted to 
histopathological analysis. 

Bacterial counts in tissue samples. These experiments were per- 
formed as recently described (8). As mentioned above, loops used for 
counting invasive bacteria were treated with a solution of gentamicin. 
This antibiotic, which penetrates poorly into cells, was used twice to 
eliminate as many extracellular bacteria as possible. First by replacing 
the fluid accumulated in the loop, and second by soaking the biopsy 
samples from these loops into gentamicin solution. Intestinal tissue 
samples were obtained by punching a disk of 8 mm diameter with a skin 
biopsy apparatus (Biopsy Punch; Stiefel, Nanterre, France). Extensive 
washing was performed with 0.1 M PBS to eliminate residual gentami- 
cin, and ice-cold PBS was added to prevent further bacterial growth. 
Tissue samples were then ground in an Ultra-turrax apparatus (Janke & 
Kunkel GmbH, Staufen, Germany) in ice-cold PBS. A V, 0 solution was 
obtained in TSB and incubated for 30 min at 37°C. Serial dilutions of 
these suspensions were then plated onto Tryptic Soy agar plates. CFUs 
were counted and the number of bacteria was calculated for an area of 
1 cm 2 of intestinal mucosa. 

Tissue sampling for histopathological analysis, observation, and 
recording of the results. All tissue samples were immediately fixed 
in 10% paraformalin, dehydrated, and embedded in hi stores in (Leica 
Instruments, Heidelberg, Germany). Sequential sections were taken at 
different levels of the sample. Thin cuts of 1-2 fim were made and 
stained with hematoxylin and eosin. Histopathological observations 




Figure L Schematic representation of a histopathological section of 
rabbit intestinal tissue. The criteria used to establish parameters of muco- 
sal damage are shown. 



were carried out as follows. For each sample, either from villous intes- 
tine or from Peyer's patches, four thin sections were observed, belonging 
to different areas of the block. The parameters selected to establish the 
criteria of villous tissue modification are shown on Fig. I. 

Four criteria were considered: (a) length/width ratio (L/W) of the 
villi: 40 villi were measured on each thin section, their length and width 
were recorded, and the ratio calculated; since four thin sections were 
observed on each block, the mean value was therefore computed on a 
total of 160 villi; (f>) percentage of villi with an ulceration; (c) ratio 
between thickness of the submucosa and thickness of the submucosa 
+ mucosa (SM/SM + M) of villi, mis ratio was calculated, based on 
measures taken in 10 different areas of each thin section observed. The 
mean was therefore calculated on 40 ratios for each block; (d) number 
of PMN leukocytes invading tissues. On each of the 40 intestinal villi 
examined on thin sections, PMN were counted at two levels as shown 
on Fig. 1: in the crypt area and in the villus area. Again, the mean was 
calculated from a total of 160 observations for each block. 

For Peyer's patches, only typical histopathological description is 
given. 

IL-lra bioassay. Serum levels of perfused human IL-lra were mea- 
sured at 2 and 8 h after initiation of the perfusion, using the Quantikine 
IL-lra Immunoassay kit (Research & Diagnostics Systems, Minneapo- 
lis, MN). Similar measures were performed in control animals. In brief, 
the assay used a quantitative sandwich ELISA in which a monoclonal 
antibody specific for human IL-lra was coated onto a microliter plate. 
After addition of serum samples, enzyme-linked polyclonal antibody 
specific for human IL-lra was added, followed by washing and addition 
of the substrate. The enzymatic reaction was then stopped and the optical 
density read on a spectrophotometer. A standard curve was prepared to 
determine the actual concentration of IL-lra present in each sample. 

TNF bioassay. Fluid aspirated from infected loops were stored fro- 
zen for subsequent TNF bioassay. WEHI 164 (clone 13) cells were 
seeded (3 x 10 4 cells/well) in 96- well plates and incubated for 24 h 
at 37°C in 5% C0 2 . Supernatants, in six different dilutions, were added 
to the assay wells, RPMM640 was added to negative control wells, 
and TNF to positive control wells. Incubation was resumed for 20 h at 
37°C in 5% C0 2 . 125 fig of MTT (3-(4,5-dimethyl-thiazolyl-2-yl)-2,5- 
diphenyltetrazoliumbromide) in PBS was added to the wells and after 
2 h of incubation at 37°C, the test was stopped with 100 p\ of extraction 
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buffer (20% SDS, 50% dimelhylformamidc in HjO, 2.5% HCI 1 N, 
2.5% of a 80% solution of acetic acid, pH 7.4). After overnight incuba- 
tion at 37°C, the absorbance was measured at 540 nm, using an auto- 
mated microELISA autoreader (Dynatech MR4000; Dynatech, Guerne- 
sey. United Kingdom). One unit of TNFa activity was defined as the 
amount required to lyse 50% of WEHI 164 (clone 13) target cells ( 14). 

Results 

Control of the titers of serum IL-lra during the course of infec- 
tion, with or without perfusion of the antagonist. These controls 
were carried out at 2 and 8 h of perfusion of 2 mg/kg per h of 
human recombinant IL-lra. As expected, very high serum titers 
of 23,282±5,649 pg/ml, and 27,757+1,163 pg/ml were, respec- 
tively, observed. Control animals infected with M90T and per- 
fused with saline showed titers ~ 1,000 pg/ml, similar to those 
of noninfected animals. As the assay is not designed to dosing 
rabbit IL-lra, no conclusion can be drawn from these latter 
values. 

Effect of IL-lra treatment on intestinal inflammation caused 
by S. flexneri. Three major criteria were used to assess the 
decrease of intestinal inflammation caused by continuous intra- 
venous administration of IL-lra during mucosal invasion by 
shigellae. 

Hie volume of mucopurulent and often bloody exudate that 
constitutes the fluid produced in infected loops, correlates well 
with intensity of the inflammatory process, as already demon- 
strated (8)! As shown in Fig. 2 A, the average volume of exudate 
pooled from the eight ligated loops in each rabbit was three 
times higher in control animals (57.3±36.4 ml) than in animals 
treated with IL-lra (18.0±9.5 ml). 

The amount of TNF present in the mucosal exudate has 
also been shown to correlate with the intensity of intestinal 
inflammation caused by Shigella invasion (8). As shown in 
Fig. 2 B, the average quantity of TNF present in the pooled 
fluid of ihV eight loops in each control rabbit was 176.408 
X 10 3 ±16.394 X 10 3 U, as compared to 45.402 X 10 3 ±4.043 
X 10 3 U in animals treated with IL-lra, a fourfold difference. 

Infiltration of the lamina propria with PMN. Upon observa- 
tion of histopathological sections of intestinal tissues in control 
animals, we noticed that PMN were migrating into the connec- 
tive tissue of the lamina propria and then on to the epithelial 
layer, by following two routes. One corresponded to PMN ex- 
travasating from the small vessels of the submucosa, crossing 
the muscularis mucosae, infiltrating the lamina propria between 
the crypts, transmigrating to the crypt lumen, thus causing 
cryptitis, and also migrating higher in the axis of the villus. 
Another route consisted in PMN extravasating from the blood 
capillaries present in the villus axis, directly invading the lamina 
propria of the villus, and proceeding to the basal side of the 
epithelial layer before transmigrating to the intestinal lumen, or 
destroying the basement membrane, thus causing detachment 
of the epithelium from the villus. 

Based on this observation, PMN were counted in these two 
"compartments," crypt and villus axis. Results are shown in 
Fig. 3 A as the average number of PMN per one villus. Numera- 
tion of PMN in the tissue of control animals was uhderevaluated 
because, in some cases, infiltrates were so dense that the actual 
number could not be counted. In the lamina propria of the 
crypts, an average number of 14.8±6.7 PMN was observed in 
the cpntrol animals, whereas only 1.8±0.68 PMN were ob- 
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Figure 2. Characteristics of fluid exudate in infected loops of IL- lra- 
treated and control rabbits. Average volume (-4) and average TNF con- 
tent (B) of the pooled exudate fluid collected from the eight intestinal 
loops infected in each animal. 



served in animals treated with IL-lra, close to the number of 
PMN observed in uninfected tissues (data not shown). In the 
lamina propria of the villus axis, 15.2±6.6 PMN were counted 
in control animals whereas 5. 7 ±2.5 PMN leukocytes were 
counted in animals treated with IL-lra. 

These results clearly demonstrated that perfusion of IL-lra 
achieved very efficient control of the inflammatory reaction, 
primarily by preventinjg extravasation of PMN and their immi- 
gration into the lamina propria. It must be emphasized, however, 
that IL-lra achieved better control of the PMN infiltrate in the 
crypt area than in the villus axis. 

Evaluation of the degree of tissue modification and destruc- 
tion. An obvious criteria of tissue alteration was the frequency 
of ulcerated villi. Any disruption of the continuity of the villus 
epithelium associated with significant inflammatory infiltrate 
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Figure 3. Tissue inflammation and destruction in IL-lra-treated and 
control rabbits. (A) Average number of PMN leukocytes infiltrating the 
lamina propria of one crypt and one villus axis. (/?) Average percentage 
of ulcerated villi in the eight intestinal loops of each animal. 
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Figure 4. Villus atrophy and submucosal inflammation in IL-lra-treated 
and control rabbits. (4) Average L/W ratio reflecting villus atrophy. 
(£) Average submucosa/submucosa + mucosa ratio reflecting intensity 
of the submucosal edema, a characteristic of experimental shigellosis 
in rabbit-ligated loops. 



was considered as an ulceration. According to these criteria, as 
shown in Fig. 3 B, 67 ±3% of the villi presented ulcerations in 
control animals, whereas only 3.3±1.9% of the villi were ulcer- 
ated in animals treated with IL-lra. Lesions ranged from limited 
ulcers to purulent necrosis of the entire villus. Severity of the 
ulcerations has not been recorded here. It must be emphasized 
that purulent necrosis of the entire villus was only observed in 
control animals, whereas animals treated with IL-lra presented 
only limited ulcerations of the tip of their villi. 

For more global evaluation of tissue alterations, we consid- 
ered two criteria. The reduction in the length/ width ratio of 



villi, which is among the first symptoms of dysfunction in intes- 
tinal tissues (i.e., mucosal atrophy). The ratio between thick- 
ness of the submucosa and thickness of the entire mucosal plus 
submucosal layer, as it appeared that severe inflammation was 
reflected by major submucosal edema (see Fig. 5 A). 

Length /Width (L/W) ratio of intestinal villi is shown in 
Fig. 4 A. Control animals showed striking flattening of their 
intestinal villi with a L/W ratio of 1.9±0.4 characteristic of 
severe villus atrophy. The actual ratio was even lower since a 
large number of villi were destroyed. However, only nonulcer- 
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Figure 5. Characteristic aspect of villi and Peyer\s patch tissue in animals infected by M90T. Bar = 30 /xm. (A ) Villous intestine in control animals. 
(B) Villous intestine in animals treated by IL-lra. (C) Peyer's patch in control animals. Arrowhead points to the destroyed dome that leaves the 
lymphoid nodule exposed to the lumen. (D) Peyer's patch in animals treated by IL-lra. Arrowhead points to preserved epithelium of the dome in 
spile of a significant edema in the subepithelial zone. 



ated villi or villi presenting limited tip ulcers were taken into 
account here. In comparison, the L/W ratio was 4.7±1.2 in 
animals treated with IL-lra, indicating reasonable preservation 
of the villi structures, since the average ratio in non infected 
loops in this model was 6 (data not shown). 

Submucosa/sithnmcosa + mucosa ratio. These results are 
shown in Fig. 4 B. Control animals showed a high ratio of 
0.42, reflecting the enormous edema that often characterized 
the submucosal layer of these animals. Conversely, the ratio of 
0.07 observed in animals treated with IL-lra was extremely low 
and equivalent to the ratio observed in noninfected loops (data 
not shown). 

Fine histopathological analysis of the lesions. Histopatho- 
logical analysis was carried out both on sections of the villous 
intestine and on Peyer's patches. 

Examination of villous intestinal tissues revealed significant 
differences between samples taken from control animals and 
animals treated with IL-lra. As shown in Fig. 5 A, and already 



suggested in Figs. 3 and 4, the villi of control animals were 
either reduced in length, or destroyed by a purulent necrotic 
process leaving vast areas of the crypi chorion infiltrated with 
PMN, and dissected by large hemorrhagic foci. Complete de- 
tachment of the epithelial layer was seen in many places. The 
subepithelial layer was characterized by enormous edema and 
infiltration of inflammatory cells, primarily PMN. Numerous 
PMN were seen immigrating from the vessels localized in the 
submucosa into the lamina propria surrounding the crypts, often 
leading to disruption of the muscularis mucosae. 

In animals treated by IL-lra, the histopathological aspect 
was strikingly different. Villi were consistently altered in length 
and shape, but never destroyed. As shown in Fig. 5 B. they 
often showed a "club-like" aspect, the tip of the villus being 
inflated by edema, whereas the basal half of the villus and the 
crypt area appeared normal. As suggested in Fig. 3 A, two 
compartments of PMN infiltration were constituted. One corre- 
sponding to the crypt region which is colonized by PMN immi- 
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Figure 6. Tissue invasion by M90T in IL- lra-treated and control ani-. 
trials. (A) Average number of bacteria/cm 2 of villous intestinal tissue. 
{B) Average number of bacteria/cm 2 of Peyer's patch tissue. 



grating from the small and medium-size vessels of the submu- 
cosa, the other corresponding to the villus axis in which PMN 
seem to immigrate from local capillaries. This observation sug- 
gests that IL-lra is mainly preventing the inflammatory process 
elicited at the crypt level, at a distance from the bacteria, 
whereas it is more difficult for IL-lra to control inflammation 
elicited in areas of the villus that are in close contact with the 
offending microorganism. 

Histopathological examination of Peyer's patches also 
showed striking differences between control and IL- lra-treated 
animals. In control animals, extensive destruction of the dome 
was consistently observed with intense edema and infiltration 
by PMN. In contrast, in IL-lra- treated animals, in spite of 
significant edematous reaction and infiltration by PMN, the 
dome was preserved or presented only few superficial ulcers of 



the epithelial layer. These results are summarized in Fig. 5, C 
and £>, 

Bacterial invasion of mucosal tissues. As shown in Fig. 6, 
control of the inflammatory process by IL-lra caused significant 
decrease in the capacity of shigellae to invade the mucosa. The 
average number of bacteria per cm 2 of mucosal tissue was 23 
X 10 6 ±2.1 X 10* in control animals and 6 X 10 4 ±5 X id 4 in 
animals treated with the inhibitor. The average number of bacte- 
ria per cm 2 of Peyer's patch tissue was 1.3 X 10 5 ±0.5 X 10 5 
in control animals and 1.8 X I0 4 ±L4 X 10 4 in animals treated 
with the inhibitor. Bacterial invasion of the villus mucosa was 
therefore reduced by a factor of — 40 in the presence of DL-; 
Ira, whereas it was reduced only by a ifactor of 7 in Peyer's 
patches tissue. This probably indicated that the physiological 
capacity of the epithelial dome of Peyer's patches to internalize 
bacteria reduced the need for an inflammatory infiltrate to desta- 
bilize the epithelial structure and facilitate invasion. 

In conclusion, based on all the criteria considered, treatment 
of animals with IL-lra caused significant protection against both 
Shigella invasion and intestinal tissue destruction. 

Discussion 

There is now evidence that EL-1 is involved in the pathogenesis 
of inflammatory bowel diseases (IBDs). On the other hand, 
there has been no investigation addressing the role of this proin- 
flammatory cytokine in the pathogenesis of an invasive infection 
of the gut such as shigellosis. 

Clinical and histopathological observations (15), and recent 
experiments on the pathogenesis of shigellosis (8), suggest that 
a pattern of acute inflammation is initiated at the early stage of 
intestinal invasion by 5. flexneri, particularly in the lymphoid 
follicles associated with the mucosa. In addition to ultimately 
causing tissue destruction, inflammation is essential to disorga- 
nizing the epithelial barrier and facilitating bacterial invasion 
( 8 ) . Macrophages present in the dome of lymphoid structures 
become infected by invasive shigellae, and some of them are 
rapidly killed. In vitro experiments have demonstrated that viru- 
lent S. flexneri causes apoptosis of infected macrophages (9). 
Initiation of the cell death program in macrophages preactivated 
with LPS induces their release of large amounts of IL-la precur- 
sor and mature IL-10 (11). These data suggest that releasing 
IL-1 may be a characteristic of resident macrophages present 
in the follicular dome of mucosal lymphoid structures when 
they phagocytose the invading pathogen. This population of 
macrophages, due to its permanent contact with bacterial prod- 
ucts, particularly LPS, is probably more reactive to a pathogen 
like 5. flexneri. In addition, M cells themselves have the capacity 
to produce IL-1 after stimulation with LPS ( 16). Inflammation 
elicited in these areas may spread beyond lymphoid structures 
to the villous epithelium. In patients at the acute stage of shigel- 
losis, immunohistochemical analysis of rectal biopsies, has 
shown a predominance of IL-1 -producing cells, particularly in 
tissue samples showing signs of severe inflammation. Mononu- 
clear cells, but also PMN and endothelial cells were the predom- 
inant IL-1 -producing cell populations ( 17). These experiments 
therefore point to IL-1 as a likely key player in the cascade 
causing the inflammatory process of shigellosis. 

Similarly, current evidence indicates that IL-1 plays a cru- 
cial role in colonic lesions in IBDs. This is suggested by clinical 
and experimental studies. Clinical studies show that IL-1 is 
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transcribed and expressed at a significantly higher level by 
mononuclear cells purified from intestinal tissues of patients at 
the acute phase of IBD (16-23). In mice, recombinant IL-I 
alone has been shown to be able to induce intestinal pathology, 
particularly villus atrophy, crypt hyperplasia, and increase in 
number of intraepithelial lymphocytes (24, 25). In the various 
animal models of ulcerative colitis, clear demonstration of the 
proinflammatory role of IL-I has been provided by demonstra- 
ting the antiinflammatory effect of IL-lra. Intravenous adminis- 
tration of this molecule before and during the development of 
rabbit immune complex colitis, significantly reduced all the 
parameters of intestinal inflammation and injury (26). These 
data were further confirmed in a series of experiments showing 
that in a similar animal model, IL-lra did not alter the level of 
IL-la present in intestinal tissues, but induced a decrease in 
levels of proinflammatory molecules such as PGE2 and leuko- 
triene B 4 (27). IL-lra was also effective in reducing bowel 
inflammation in a model of rat colitis induced by local instilla- 
tion of acetic acid (28). In addition, in various experimental 
models, the receptor blocking activity of IL- Ira has significantly 
reduced the severity of diseases such as septic shock, lethal 
sepsis, and experimental arthritis (29). Hie role of other in- 
flammatory cytokines is less clear, although TNFa, IFNy, and 
IL-8 are good candidates to induce further inflammation and 
tissue destruction. Moreover, the chronic enterocolitis and ulcer- 
ative colitis patterns observed in interleukin-2 and interleukin- 
10-deflcient mice harboring an intestinal flora (30, 31 ) suggest 
that these two cytokines, particularly IL-10, a potent suppressor 
of macrophage activation in vitro (32), may be important nega- 
tive regulators to consider in vivo in IBD as well as in shigel- 
losis. 

A major limitation to experimental approaches of shigello- 
sis, however, is the lack of a reliable intestinal model of inva- 
sion. The guinea pig keratoconjunctivitis test is reliable. to assess 
Shigella invasiveness but is irrelevant in this case. Mice do not 
develop rapid and consistent intestinal invasion by Shigella even 
in ligated loops. Alternatively, the rabbi t-ligated loop assay ap- 
pears sufficiently reliable to use it as a model of tissue invasion 
and inflammation. This allows us to consider using antagonists 
of proinflammatory molecules such as IL-lra. This inhibitor 
binds to both IL-1 receptors, but particularly relevant is its 
competitive binding to IL-I receptor 1 which blocks signal 
transduction induced by IL-la and IL-1/?. It has no agonist 
effect and is produced by the same cells which produce IL-1 
with a delay of a few hours (33). Rabbit IL-lra exhibits 77% 
amino acid sequence homology to the human molecule (34). 
This high degree of conservation accounts for the capacity of 
human recombinant IL-lra to antagonize rabbit IL-1. These 
characteristics made IL-lra the best candidate molecule to as- 
sess the role of IL-1 in shigellosis. 

The present experiments have demonstrated that IL-lra 
could significantly reduce the severity of intestinal lesions ob- 
served in rabbit experimental shigellosis as well as mucosal 
invasion by Shigella, The amount of circulating IL-lra obtained 
by perfusion of 2 mg/kg per h in rabbits reached values of 
25,000 pg/ml similar to those obtained in human volunteers by 
perfusion of 10 mg/kg over a period of 3 h (i.e., 29,000 pg/ 
ml) (35). The general structure of the intestinal epithelium was 
preserved in animals treated by the inhibitor, whereas massive 
destruction v/as observed in control animals. The amount of 
luminal exudate was reduced, as well as its content in TNF, an 



established parameter of the inflammatory process of experi- 
mental, but also natural shigellosis (8, 36). In the complete 
pathogenic scheme, it is important to understand whether TNFa 
or IL-1 is the primary initiator. We are currently conducting 
experiments with TNF inhibitors to address this point. We 
would also like to evaluate how much of the epithelial destruc- 
tion observed in shigellosis is due to the high titer of TNFa: 
produced and secreted intraluminally. These experiments also 
confirm our recent observation that the severity of mucosal 
inflammation accounts for the extent of mucosal invasion by 
the bacteria (7, 8). It seems as if the initial interaction of the 
bacteria with cellular components of the intestinal barrier trig- 
gers an early inflammatory response which causes serious desta- 
bilization of epithelial cohesiveness thus facilitating further bac- 
teria! invasion. 

An unexpected observation was made here concerning the 
traffic of extravasating PMN. IL-lra appeared more efficient at 
attenuating (eliminating in many animals) immigration of PMN 
from submucosal vessels into the crypt lamina propria than at 
attenuating immigration of PMN from villi capillaries into the 
lamina propria occupying the upper half of intestinal villi. This 
caused the characteristic club-like morphology of the villi (see 
Fig. 5, B and E), with localized edema. The reason for this 
"compartmentalization" of the inflammatory response remains 
unclear. However, it is possible that long range triggering of 
PMN extravasation requires a full cascade of inflammatory cy- 
tokines, IL-1 playing a major role in this process. On the other 
hand, elicitation of short range extravasation of PMN from villi 
capillaries may somewhat bypass the need for IL-1. It has re- 
cently been shown in vitro that infected epithelial cells or epithe- 
lial cells exposed to LPS are able to produce inflammatory 
cytokines, including the potent chemokine IL-8 (37, 38). Re- 
cent work indicates that Shigella dysenteriae, upon invasion of 
human colon epithelial cells, induces expression of IL-8, MCP- 
1, GM-CSF, and TNFa (39). A similar situation in vivo may 
lead to direct inflammation through the epithelium by invading 
microorganisms. However, based on the present experiments, 
it appears obvious that IL-1 -mediated long range inflammatory 
response is much more deleterious for tissues. 

These observations validate the hypothesis that IL-1 plays 
a significant physiopathological role in shigellosis and that the 
macrophage, which is a major producer of IL-1 (40), is a key 
player in the pathogenesis of this disease, particularly in the 
lymphoid structures associated with the intestinal mucosa. In 
the current experimental system, after 8 h of intestinal infection 
in ligated loops, it is difficult to demonstrate a different reactiv- 
ity of the lymphoid structures of Peyer's patches and of the 
villous intestine. Ligation of the intestine and high bacterial 
inoculum artificially facilitate invasion of the intestinal barrier. 
A closer model to human shigellosis is intragastric infection of 
macaque monkeys, followed by endoscopic observation of the 
colo-rectal mucosa as the disease develops (3) . However, these 
experiments are almost impossible to achieve, particularly if 
constant infusion of IL-lra needs to be maintained. The rabbit 
model, within well-defined limits, allows to draw conclusions 
on the role of IL-1 which would need definitive confirmation 
in a human trial as also suggested for IBD. 

We believe that based on these observations, there is now 
solid ground to draw a parallel between shigellosis and some 
acute forms of IBD, particularly ulcerative colitis. In support 
of this idea, it is worth noting that the deleterious effect of 
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IL-1 «in experimental shigellosis appears rather specific of the 
causating pathogen Shigella. Indeed, in many other models of 
infection, such as Pseudomonas aeruginosa and Klebsiella 
pneumoniae (41), Listeria monocytogenes (42), Salmonella 
typhifnurium (43), Escherichia coli (44, 45), and Mycobacte- 
rium avium (46), IL-1 was shown to play a protective role, and 
n^l blockade was reported to exacerbate the infectious process 
(47, 48). This indicates that, as in IBDs, destructive inflamma- 
tion is the predominant feature of shigellosis. Whether colonic 
destruction is the price to pay to eradicate Shigella from tissues, 
or whether these bacteria, even at low inoculum, can generate 
massive uncontrolled inflammation, remains to be analyzed. 

Finally, it is not at all clear how shigellosis resolves. It as 
been shown that healthy human volunteers receiving E. coli 
endotoxin showed plasma levels of IL-1/? peaking at 79 pg/ml, 
whereas their levels of IL-lra, 1-3 h later were ~ 100-fold 
higher (49). This excess amount of IL-lra may be sufficient to 
antagonize the biological effect of IL-1 0. Moreover, in acutely 
ill surgical patients, very high levels of IL-lra (i.e., 54,300 
pg/ml) have been observed (50). This indicates that serious 
conditions (with or without sepsis) may cause circulating levels 
of IL-lra equivalent to those obtained by perfusion, ranging 
between 1 and 10 mg/kg per h. We can therefore speculate that 
a physiological increase of IL-1 ra to high titers may be observed 
in the course of severe sepsis such as shigellosis. IL-lra titers 
produced locally by intestinal mononuclear cells and possibly 
other cell populations may account for efficient antagonism of 
IL-1/?, thus leading to healing. 
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Summary 

Caspases are intracellular proteases that mediate 
mammalian cell apoptosis. Caspase-1 (Casp-1) is a 
unique caspase because it activates the proinflamma- 
tory cytokines interleukin (IL)-1£ and IL-1 8. Shigella 
flexneri, the etiological agent of bacillary dysentery, 
induces macrophage apoptosis, which requires Casp-1 
and results in the release of mature IL-ip and IL-1 8. 
Here we show that casp-1-'- mice infected with S. 
flexneri do not develop the acute inflammation charac- 
teristic of shigellosis and are unable to resolve the bacte- 
rial infection. Using casp-1 mice supplemented with 
recombinant cytokines and experiments with /L-f0~ /_ 
and IL-18~ f ~ mice, we show that IL-ip and IL-18 are 
both required to mediate inflammation in S. flexneri 
. infections. Together, these data demonstrate the im- 
portance of Casp-1 in acute inflammation and show 
the different roles of its substrates, IL-ip and IL-18, 
in this response. 

Introduction 

Caspase-1 (Casp-1), like all caspases, is a cysteine pro- 
tease that induces apoptosis when overexpressed in 
cultured cells (Miura et al., 1993). However, unlike mice 
with targeted del tions in most other caspase genes, 
casp-1-'- mice do not hav anydey lopmental defects, 
and cells isolated from th s animals respond normally 
to "classical" apoptotic stimuli (Kuida t al., 1995; U et 
al., 1 995), suggesting that Casp-1 causes apoptosis only 
on dysregulated activation. In addition, the cl avage 
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products of Casp-1, IL-1 0, and IL-18 are proinflamma- 
tory cytokines (Dinarello, 1998), although apoptosis is 
often immunologically silent and does not cause inflam- 
mation (Savill, 1997). 

Bacillary dysentery is a severe bloody diarrhea caused 
by the gram-negative bacteria Shigeilae. Shigella flex- 
neri accounts for the worldwide endemic form of the 
disease, which is particularly prevalent in young children 
living in developing areas in which poor hygiene facili- 
tates transmission (Kotloff et al., 1999). After ing stion, 
S. flexneri invades and remains localized to the colonic 
and rectal mucosa, where it causes an acute inflamma- 
tion characterized by a massive influx of polymorphonu- 
clear cells (PMN) (Mathan and Mathan, 1991). Inflam- 
mation in classical shigellosis is of striking severity, 
resembling the acute phase of inflammatory bowel dis- 
eases (IBD), such as ulcerative colitis (MacDermott, 
1994; Sartor, 1995). The inflammatory response causes 
significant tissue destruction and facilitates further tis- 
sue invasion by the bacteria (Perdomo et al., 1994). 
Eventually, however, the inflammation eradicates Shi- 
gella (Maurelli and Sansonetti, 1988; Hale, 1991; Lind- 
berg and Pal, 1993). 

Shigella invades host cells by macropinocytosis 
(Adam et al., 1995) and quickly escapes from phago- 
somes into the cytoplasm (Sansonetti et al., 1986). In 
contrast to epithelial cells, which allow Shigella to multi- 
ply in their cytoplasm, macrophages undergo apopto- 
sis after bacterial uptake (Zychlinsky et al., 1992). The 
upregulation of apoptosis was demonstrated in animal 
models of Shigella infection (Zychlinsky et al., 1 996) and 
in intestinal biopsies from dysenteric patients (Islam et 
al., 1997). The invasion plasmid antigen (Ipa) B is a pro- 
tein encoded in the Shigella virulence plasmid that is 
secreted from bacteria through a type III secretion appa- 
ratus. IpaB alone is sufficient to induce apoptosis (Chen 
et al., 1996). IpaB binds to Casp-1 in the macrophage 
cytosol and activates an apoptotic cascade (Ch n et 
al., 1996; Thirumalai et al., 1997). Interestingly, macro- 
phages isolated from mice with a targeted deletion in 
casp-1 but not from casp-3 or casp-1 1 null mice are 
resistant to Sn/ge//a-induced apoptosis (Hilbi et al., 
1998). Thus, unlike mo$t other apoptotic stimuli, Shi- 
ge//a-induced apoptosis in macrophages requires Casp-1 . 

Here we demonstrate that Casp-1 is essential for the 
inflammation provoked by Shigella. Shigella causes an 
inflammatory response of the lung tissue of mice that 
parallels the acute inflammation in the intestinal mucosa 
of dysenteric patients, when administered intranasally 
(Voino-Yasenetsky and Voino-Yasenetska, 1961; Phali- 
pon et al., 1 995). We use this model of infection because 
Shigella cannot inf ct mice orally. Wild-typ mice de- 
velop a s ver inflammatory respons within 6 hr of 
infection. The bact rial load diminish sov r tim and 
th inflammation starts to resolve 48 hr later. In contrast, 
casp-1 ~'~ mic do not gen rate an inflammation in re- 
sponse to a Shigella infection until much later. Moreover, 
the inflammation that eventually develops in casp-1 ~'~ 
mice is more s vere than the acute inflammation in wild- 
type mice. Even aft r extended periods of infection, 
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Figure 1. casp-1 Mice Cannot Control Shigella Infections 

(A) The number of bacteria in the lungs of wild-type (open circles) 
and casp-1 ~'~ (closed circles) mice are presented as the mean and 
standard error of the number of colony-forming units. Six hours after 
Infection, there were similar numbers of bacteria in wild type and 
casp-1 ~'~ mice. The number of bacteria significantly decreased in 
wild-type animals starting as early as 24 hr and continuing up to 96 
nr. In casp-1 ~ f ~ mice, the bacterial load increased slightly by 24 hr 
and remained unresolved even at 96 hr postinfection. 

(B) Wild-type (open circles) and casp-1-'- (closed circles) mice were 
infected with Shigella and their survival recorded for 96 hr. In con- 
trast to wild-type mice, casp- 1 null mice were susceptible to Shigella 
especially 48 hr after infection. 



casp-1 ~ f ' mice are unable to control the infection and 
th inflammation continues to worsen. We demonstrate 
that IL-10 is the Casp-1 substrate responsible for the 
intensity of the acute inflammation observed in Shigella 
infections, while the other substrate, IL-18, is important 
in licrting an effective anti-bacterial response. There- 
fore, in vivo activation of Casp-1 by Shigella is proinflam- 
matory. 

R suits 

Bact rial Load and Mortality in Shigella Infections 

f casp-1 and Wild-Type Mic 
To evaluate th in vivo role of Casp-1 in Shigella infec- 
tions, we infected casp-1 ~'~ and wild-type mice with a 
sublethal dose of bacteria intranasally. The number of 
bacteria in the lungs of infected wild-type and casp-1" 1 ' 
mice after 6 hr of infection was not statistically different 
(p = 0.59) (Figure 1 ). However, a differenc was manifest 



at later time points. In wild-type mice, there was a signifi- 
cant drop in the number of bacteria recovered 24 hr 
(p = 0.0039) after infection, and by 96 hr bacterial recov- 
ery was reduced by three orders of magnttud . In con- 
trast, 24 and 48 hr after infection, casp- 1 ~'~ mouse lungs 
had 1 0- and 670-fold more bacteria than wild-type mice, 
respectively (p = 0.0011), casp-1~ f ~ mice still harbored 
a large number of bacteria even at 96 hr postinfection. 

Mice with a targeted deletion in casp-1 succumbed 
to the Shigella infection. As shown in Figure 1 B, there 
were a few wild-type mice that died early on after infec- 
tion. In contrast, the mortality of casp-1 ~ f " mice in- 
creased during the experiment Together, these data 
show that wild-type but not casp-1 null mice are able 
to efficiently control the microbial infection. 

Shigella Does Not Upregulate Apoptosis 
in casp-1 ~ l ~ Mice 

To determine whether Shigella induces apoptosis in this 
infection model, we labeled sections of infected lung 
tissue by the terminal d-transferase dUTP nick end label- 
ing (TUNEL) technique. In histopathological sections 
taken at 6 hr after infection, we observed apoptotic cells 
that had a macrophage morphology in wild type (Figures 
2A-2C), but we did not see apoptosis in casp-1 ~ f ~ mice 
(Figures 2D-2F). 

Reconstruction of complete sections of lungs from 
wild-type (Figures 21 and 2J) and casp-1 ~'~ (Figures 2G 
and 2H) mice demonstrated a striking difference in the 
number of TUNEL-positive cells. Many apoptotic cells 
were present in the middle portion of the wild-type lung 
with greatest density around the bronchi, mirroring the 
distribution of bacteria. Very few apoptotic cells were 
detected in the lungs of casp- 1 ~'~ mice. These apoptotic 
cells localized to the periphery of the tissue. A similar 
distribution of apoptotic cells was observed in unin- 
fected lungs or lungs infected with S. flexneri strain with 
a targeted deletion in ipaB {AipaB, data not shown), 
suggesting that this was a phenomenon unrelated to 
shigellosis. Thus, in vivo, Shigella requires Casp-1 to 
induce apoptosis. 

Inflammation in Shigella Infections 
of casp-1 ~ f ~ Mice 

To determine the role of Casp-1 in inducing an inflamma- 
tory response, we evaluated the extent of tissue inflam- 
mation in casp-1 ~ H mice by histopathological analysis. 
A qualitative analysis of a selection of typical histopatho- 
logical aspects is shown in Figure 3. In wild-type mice, 
extensive inflammation is observed at 6 hr in the peri- 
bronchial/bronchiolar area and in the pulmonary tissue, 
causing acute diffuse alveolitis (Figure 3A). At 24 hr, 
inflammation is less extensive; alveolar walls remain 
thickened but the alveolitis is already resolving (Figures 
3B and 3C). By 48 hr, the overall alveolar structure has 
aim str turned ton rmal, with a few remaining macro- 
phages and PMN (Figure 3D). Although a persistent 
edema still thick ns the alveolar walls, the tissue has 
almost recovered. Th disappearanc of inflammatory 
cells at 96 hr (Figure 3E) shows the compl te regression 
of the inflammation. 

The pathol gy is strikingly different in casp*1~ l ~ ani- 
mals. Very few inflammatory foci are observ d at 6 hr 
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Figure 2. Shigella Induces Macrophage Apoptosis in Wild-Type but Not in casp-1 ~'~ Infected Mice 

(A) Two cells with macrophage morphology (arrowheads) were identified in wild-type mice in a section stained with hematoxilin and eostn 
(H&E) stain. 

(B) The same cells were labeled with an anti-LPS antiserum (arrows) indicating that they are infected with S. flexneri. 

(C) The same two ceils were positively stained by fluorescent TUNEL (arrows). Thus, we were able to identify infected macrophages undergoing 
apoptosis in these animals. 

(D and E) H&E-stained macrophages (arrowheads) of casp-1 null mice were also labeled with anti-LPS serum (E), indicating that they were 
infected. 

(F) These same cells were not stained by TUNEL, showing that in vivo casp-1 ~'~ macrophages do not undergo apoptosis with Shigella. 

(G) Reconstruction of a section from a lung from a casp-1 ~'~ mouse infected with S, flexneri and stained with fluorescent TUNEL Few cells 
toward the edge of the lung were labeled, serving as a positive control. 

(H) Reconstruction of the same section shown in (G) stained with the DNA stain propidium iodide that allows the visualization of the complete 
lung section. 

(I) Reconstruction of a lung from a wild-type mouse infected with $. flexneri and stained with fluorescent TUNEL. Large numbers of TUNEL- 
positive ceils are evident in the middle portion of the lung, with a greater concentration in close proximity to bronchi, a distribution similar to 
that of bacteria. , 

(J) Reconstruction of the same section shown in (I) and stained with propidium iodide. Scale bars in (A-F) are 10 jun. Scale bars in (G-J) are 
1 mm. 
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Figure 3. Inflammation tn the Lungs of Wild-Type and casp-1~'~ Mice Infected with S. ffexneri 
Lungs of infected mice were processed for histopathotogical analysis and stained with H&E. 

(A) Wild-type mice 6 hr after infection show extensive inflammation, starting tn the peribronchial region and spreading through the lung,, 
causing acute diffuse alveolitis. 

(B) In wild-type mice 24 hr after infection, the inflammation is starting to resolve. 

(C) High magnification of (B) showing some thickened alveolar wails. 

(D) Forty-eight hr after infection some mononuclear cells are still observed in thickened alveoli in wild-type mice. 
© Ninety-six hours postinfection the lung has almost normal morphology. 

(F) Wild-type mice 24 hr after infection with A/paS do not show any signs of inflammation. 

(Q) casp-1~'~ mice 6 hr after infection present very few inflammatory sites concentrated In the peribronchial and bronchlolar areas, without 
significant acute condensing alveolitis. 

(H) At 24 hr postinfection there Is a strong diffuse inflammation with formation of multiple foci of acute condensing alveolitis. 

(I) Higher magnification of (H) showing intense inflammation and many bronchi and bronchjoti occluded by inflammatory exudates in casp-1 
null mice. 

(J) Forty-eight hours after Infection casp-1 ~'~ mice still show condensing inflammation with edema and emphysema. 

(K) The inflammation, edema, and emphysema are unabated 96 hr postinfection. Strong hemorrhagic necrosis is also evident at this late time 

point. 

(L) casp-1 null mice 24 hr after infection with A/paB without any sign of inflammation. Scale bars, 30 ixm. 



(Figure 3G). However, 24 hr after infection, there is a 
strong diffuse inflammation with extensive areas of alve- 
olitis. Many bronchi and bronchioli are occluded by a 
massive inflammatory exudate (Figure 3H and 31). By 48 
hr postinfection (Figure 3J), the tissue damage worsens 
as condensing lesions predominate with tissue necrosis 
and hemorrhages. Ninety six hours after inoculation (Fig- 
ure 3K), the histopathology remains the same: large ar- 
as of condensing inflammation, often centering around 
vessels occlud d with mononuclear cells, and areas 
with hemorrhages and necrotic tissue* The inflammation 
in casp-f ~ /_ mic was richer in macrophages than in 
wild-type mice. 

There were no lesions observed in either wild type or 
casp-1 - f - mice inf cted with A/paS either at 6 hr (data 
not shown) or 24 hr (Figures 3F and 3L). 

In order to quantify the severity of inflammation, lung 
sections stain d by hematoxilin and eosin (H&E) were 



scanned at high resolution onto a computer. Using im- 
age analysis, we measured the area of the tissue sec- 
tions which had a high color density and granularity. 
Because of its structure, a healthy lung has very few 
areas with high color density, while an inflamed lung, 
where the alveoli are infiltrated with inflammatory cells, 
has large areas with high color density. The ratio of the 
high color density surface to the entire surface of the 
tissue section, excluding the anatomic "holes" (L 
the lumen of large blood vessels and bronchi) yields an 
"inflammatory ind x" (IF). This measure underestimates 
th inflammation, since it is biased toward well-deline- 
ated and cond Used foci, omitting diffuse noncondens- 
ing processes. The analysis showed that by 6 hr, wild-type 
mice d veloped an IF of 15.0, whereas the casp-1 ~*~ 
mice had an IF of 0.80, indicating a lack of an inflamma- 
tory response in th latt r. The inflammation decreased 
in wild-type animals at 24 and 48 hr and reached an IF of 
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Figure 4. Distribution of LPS in Lungs of 
Wild-Type and casp-1' 1 - Mice Infected with 
Virulent S. flexneri 

Lungs of infected mice were processed for 
histopathological analysis using standard 
techniques and immunostained with an anti- 
S. flexneri serotype 5 LPS-specific antiserum. 
(A and B) Wild-type mice 6 hr after infection 
present large amounts of LPS throughout the 
lung, particularly in association with areas of 
acute alveolitis. Inset shows a section stained 
with an isotype control mAb (B) and demon- 
strates the specificity of the immunostaining. 
(C and D) Wild-type mice 24 hr after infection 
display diffuse localization of LPS V which is 
more abundant in bronchial/bronchtolar walls. 
(E and F) In casp-1 ~'~ mouse 6 hr after infec- 
tion LPS is diffusely distributed in the lung 
and is more prominent in the lumen and walls 
of bronchi and bronchioli. 
(G and H) casp-1 null mice 24 hr after infection 
show massive amounts of LPS that fill luminal 
spaces and are associated with inflammatory 
cells. Scale bars, 300 |un. 



only 3.6 by 96 hr. In contrast, casp-1 ~'~ mice experi- 
enced a striking increase in the intensity of their lesions 
by 24 hr when they achieved an IF of 1 2.5, which contin- 
ued to increase to almost 40 by 48 hr and 96 hr. The 
inflammation seen in the wild-type lungs was signifi- 
cantly different from casp-1 ~ f ~ at each time point (p = 
<0.001). 

We used a serotype-specific anti-LPS monoclonal an- 
tibodyto determine the distribution of bacteria in the 
infected tissue. As shown in Figure 4, Shigella w re 
present throughout the middle portion of the lung sec- 
tion 6 hr postinf ction. Th LPS immunostaining was 
specific, since a control with an isotype-matched mono- 
clonal did not stain the tissue (Figure 4B, inset). The 
bacteria were found in more defined foci at 24 hr in the 
lungs of wild-type mice. Although there was almost no 
inflammation in th lungs of casp-1''- miceat6hrp st- 
infection, th re were areas in the lungs that were occu- 
pied by bacteria. Th distribution and amount of bacteria 



in casp-1''- mice 24 hr after infection were unchanged 
from 6 hr. These results are in agreement with the data 
on the number of colony-forming units in the lungs of 
wild-type and casp-1 ~'~ mice presented in Figur 1. 

Recombinant IL-10 Exacerbates the Infection While 
IL-18 Restores the Wild-Type Phenotype 
in casp-1 Null Mice 

Casp-1 activates the proinflammatory cytokines IL-ip 
and IL-18 (Dinarello, 1998). To test th rol s of IL-10 
and IL-18 individually in inflammati n during Shigella 
infection, we injected casp-1-'" mice intraperitoneal^ 
with either recombinant IL-ip or IL-18 and sacrificed the 
mice 48 hr postinfection. Shigella-mi cted casp-1 ~'~ 
mice pres nted the previously described phenotype of 
c ndensing inflammation with defined areas of infection 
(Figures 5A and 5B). Treatment with recombinant IL- 
1 p resulted in a more diffuse and sev re inflammatory 
response and a mor dispersed distribution of bacteria 
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Figure 5. Recombinant IL-1 0 and IL-1 8 Have 
Different Functions in Shigella Infections 
casp-1 null mice were either mock treated or 
treated with recombinant IL-ip or IL-1 8 as 
described in Experimental' Procedures and 
infected with Shigella for 24 hr. The tissue 
was processed either for H&E staining or im- 
munostaining with an anti-Sh/ge//a serotype 
5 mAb. 

(A and B) Control casp-1 null mice show a 
strong diffuse inflammation with formation of 
multiple foci of acute condensing alveolitis 
and (6) large amounts of LPS. 
(C and D) casp-1 mice treated with IL-1 p 
show a simitar, if slightly increased, inflamma- 
tion and (D) abundant LPS staining. 
(E and F) In contrast, casp-1 null mice injected 
with recombinant IL-1 8 show a decreased 
nondrffuse inflammation (arrows) (F) and the 
corresponding localization of LPS. 



in th lungs of these mice (Figures 5C and 5D). In con- 
trast, treating casp-1 ~ f ~ mice with recombinant IL-1 8 
decreased the inflammation and restricted the distribu- 
ti n of the bacteria to a similar degree to that observed 
in wild-type mice (Figures 5E and 5F). 

The enumeration of bacteria in the lungs of these mice 
corroborated the histological observations. At 48 hr 
wild-type mice were resolving the infection (7.2 x 10 3 ± 
4.5 SD cfu/lung) while casp-1 null mice were still heavily 
infected (110 x 10 3 ± 4.5 SD, p = 0.01), as observed 
arlier. Surprisingly, at the same time point, casp-1 null 
mice injected with recombinant IL-1 p presented an even 
higher number of bacteria (966 x 10 3 ± 526), that was 
significantly greater (p = 0.01) than seen in untreated 
casp-1-'' mice. In contrast, administration of recombi- 
nant IL-1 8 resulted in a bacterial load (18 x 10 3 ± 16.3) 
that was not different from wild-type mice (p = 0.7). 

Infection of /L-*p and IL-1 8 Null Mice 
Macrophages from both IL-1$ null and IL-1 8 null mice 
are susceptible to SA?/ge//a-induced apoptosis (data not 
shown). Thus, neither of these cytokines is necessary 
in th Casp-1 -dependent apoptotic pathway. To deter- 
min downstream effectors of Casp-1 -mediated inflam- 
mation in response to Shigella, we infected /L-t0~'" 
and IL-18"'- mic with these bact ria. The number of 
bacteria in wild-type and /L-70~'~ mice was not signifi- 
cantly diff rent at 6, 24, or 48 hr postinfection (Figure 6A). 
In contrast, although the level of infection was similar at 
6 hr between IL-18 null and wild-type mice, IL-18 null 
mice did not control the infection at later time points 
(Figure 6B). Twenty four and 48 hr after infection, the 
lungs of IL-18-'- mice had 61 (p = 0.02) and 1150 (p = 



0.04) fold more bacteria than wild-type mice, respec- 
tively. Thus, similar to casp-1 ~ f ~ mice, IL-18''- mice 
could not control the Shigella infection. 

Figure 7 shows the LPS immunostaining of wild-type, 
IL-1 p null, and IL-18 null mice at 24 and 48 hr postinfec- 
tion. Lungs from wild-type mice showed a restricted 
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Figure 6. IL-18 but Not IL-10 Is Required to Control Shigella In- 
fection 

The number of bacteria in the lungs of wild-type (open circles) and 
IL-1$-'~ (A) or IL-18-'- (B) (closed circles) mice are presented as 
the mean and standard error of the number of colony-forming units. 
Six hours after infection, there were similar numbers of bacteria in 
wild-type and either fL-1$ null or IL-18 null mice Infected with Shi- 
gella. The number of bacteria was similar in wild-type and IL-1$~'~ 
mice at later times after infection. In contrast, the bacterial load 
Increased slightly by 24 hr and was higher than wild type by 48 hr 
in IL-18 null mice. 
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Figure 7. IL-ip and IL-1 8 Have Distinct Roles 
in the Acute Inflammation Characteristic of 
Shigellosis 

The distribution of LPS and inflammation in 
lungs of wild-type, IL-1& null, and 8 null 
mice infected with virulent S. flexneri is visual- 
ized using standard histopathological tech- 
niques and immunostaining with an anti-S. 
flexneri serotype 5 LPS-specific mAb. 

(A) In wild-type mice 24 hr after infection, the 
inflammation is starting to resolve and there 
Is a diffuse localization of LPS, which is more 
abundant in bronchial/bronchiotar wails. 

(B) Forty-eight hours after infection, wild-type 
mice show a clear resolution of the inflamma- 
tion and a decrease in LPS staining. 

(C) Mice with a targeted deletion in /L-fp 
show a diffuse inflammation at 24 hr. 

(D) This inflammatory response increases and 
LPS is abundant at 48 hr. 

(E) In contrast, IL-1 8 null mice show a very 
intense inflammation with abundant LPS 
staining at 24 hr. 

(F) Forty eight hours after infection, the IL- 
1Q~'~ mice show an unabated inflammation 
rich in LPS staining, reminiscent of the phe- 
notype of casp-1 null mice. 



bacterial distribution with occlusion of a few bronchi at 
24 hr postinfection and a diminution in both inflamma- 
tion and the amount and distribution of LPS. This pro- 
gression was similar to the one already described in 
Figures 3 and 4. Mice with a targeted deletion in IL-1fi 
showed a more localized inflammation than wild-type 
mice at 24 hr. This inflammatory response did not appear 
to progress toward resolution at 48 hr. Consistent with 
the results obtained from infection of casp-1 null mice 
treated with recombinant IL-1 8, mice with a targeted 
deletion in IL-1 8 showed a very intense inflammation at 
24 hr, with diffuse LPS staining, reflecting the spread of 
Shigella. At 48 hr postinfection, the inflammation was 
more severe, with several bronchi occluded and a con- 
tinued diffuse distribution of LPS. Thus, the patterns of 
infection and inflammation in casp-1 and IL-18 null mice 
were similar. 

Discussion 

Severe intestinal inflammation is a hallmark of bacillary 
dysentery, therefore, to understand the pathogenesis 
of dysentery, it is crucial to det rmine how the bacteria 
activate this inflammatory respons . In vivo, Shig Ha 
induces apoptosis in a rabbit ileal loop model (Zychlin- 
sky et al., 1996), in dysenteric pati nts (Islam et al., 
1997),andinthemurin lung infection model (Figur 2). 
S/)/ge//a-induced apoptosis appears to initiate a unique 
cell death pathway, since, in contrast to ther apoptotic 
stimuli (Li et al., 1995), Shig ila does not induce apopto- 
sis in macrophages from casp-1-'- mice (Hilbi t al., 



1998). These data probably reflect the fact that IpaB 
binds to Casp-1 and not to other caspases (Hilbi et al., 
1 998). The requirement for Casp-1 in Sh/ge//a-induc d 
apoptosis allowed us to study the proinflammatory func- 
tions of this caspase in Shigella infection. 

Shigella is an invasive bacteria that triggers an acut 
inflammation that eliminates the infection in humans. 
The murine lung model of infection mimics the invasive 
and proinflammatory properties of S. flexneri in the hu- 
man intestinal mucosa. When mice are inoculated intra- 
nasal ly, shigellae invade the tracheobronchial and alve- 
olar epithelia. An acute tracheobronchitis and alv otitis 
characterized by a massive influx of PMN results from 
the infection (Voino-Yasenetsky and Vdino-Yasen tska, 
1961; Phalipon et al., 1995). Furthermore, mice, like hu- 
mans, are able to control the Shigella infection. Noninva- 
sive mutants of Shigella such as the tdpaB strain, used 
as a control in this study, do not cause pulmonary pa- 
thology (Phalipon et al., 1995), confirming the validity of 
the model. 

Mice with a targeted deletion in casp-1 were unable 
to generate an early inflammation (6 hr) or resolve the 
infection. (Figures i A and 4) and eventually succumbed 
t the infection significantly more frequ ntly (Figure 1 B) 
than wild-type mice. Interestingly, at lat r time points, 
the lungs of casp-1 ~*~ mice develop more severe inflam- 
mation than that in wild-type mice. Monocytes, rather 
than PMN, dominated the inflammatory response in 
casp-1 ~'~ mice. In ord r to t st the induction of a proin- 
flammatory cytokine not dependent in Casp-1 activa- 
tion, we t sted the concentration of IL-6 in the serum 
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of infected animals. At 6 hr postinfection, the levels of 
IL-6 were similar in casp-1 ~'~ and wild-typ mice (data 
not shown), indicating that Casp-1 -independent proin- 
flammatory mechanisms were active in casp-1 null mice. 
Furthermore, the distribution of Shigella seems to be 
more restricted in casp-1-'' than in wild-type mice (Fig- 
ure 4). Shigella is a nonmotile organism that uses the 
host cell cytoskeleton to move from cell to cell (Bemar- 
dini et al M 1989). Therefore, it is possible that in wild- 
type mice, but not in casp-1 ~'~ nulls, Shigella spreads 
more efficiently after tissue disruption by the inflamma- 
tory response, casp-1 - H mice could not eradicate the 
Shigella infection (Figures 1 and 4), suggesting that only 
Casp-1 -mediated inflammation could effectively clear 
the bacteria. Interestingly, there were 2-fold higher lev- 
els of serum IL-6 in casp-1 ~'~ than in wild-type mice, 
probably reflecting the persistence of the infection (data 
not shown). These data indicate that the host requires 
Casp-1 to mount the inflammatory response character- 
istic of shigellosis. Future investigation will determine 
whether the timing or the type of cell recruited in the 
inflammation is important for the eradication of Shigella. 

Both IL-1 0 and IL-1 8 are synthesized as inactive pre- 
cursors that lack a secretion signal sequence and are 
proteolytically activated by Casp-1 (Thornberry et a!., 
1992; Ghayur et a!., 1997; Gu et al., 1997). We used two 
indep ndent approaches to test the roles of IL-1 p and 
IL-18 in Shigella infections; casp-1~'~ mice reconstitu- 
ted with recombinant IL-1 0 or IL-1 8 as well as /L-f 0 null 
and IL-18 null mice. Recombinant IL-1 p enhanced both 
th inflammatory response and, more importantly, the 
bacterial infection load in casp-1 null mice challenged 
with Shigella (Figure 5). Consistent with this notion, in- 
fection of IL-1 p _/ " mice resulted in an inflammatory pro- 
cess that was more localized than in wild-type mice and 
that restricted the distribution of bacteria to the. sites of 
entry more effectively than wild-type mice (Figure 7). 
Thes mice, however, progressed toward the resolution 
of the infection (Figure 6). It has been proposed that the 
destruction of the tissue by the initial inflammation in 
response to Shigella allows further bacterial infection 
(Perdomo et al. f 1994). These data would be consistent 
with the hypothesis that IL-ip is involved in the initial 
inflammatory response to Shigella and invasion into the 
lungs, and that in the absence of this cytokine, the infec- 
tious foci are more restricted than in wild-type mice. 
Indeed, IL-1 p is induced and activated very early after 
Shigella infection (Arondel et al., 1999) and blocking 
IL-1 with IL-1 receptor antagonist (IL-1ra) decreases the 
inflammation in the rabbit ileal loop model (Sansonetti 
etal., 1995). 

Recombinant IL-18 reconstituted a wild type inflam- 
matory response in casp-1~ H mice (Figure 5). The role 
of IL-18 in Shigella infections was corroborated by the 
IL-18-'- mice infected with Shigella, which did not regu- 
late the inflammation nor control the bacterial growth 
(Figures 6 and 7), a phenotype similar to that observed 
in casp-1 null mic . Taken together, these data show 
that IL-18 is r quired to generat an inflammatory re- 
sponse capabl f radicating Shigella effectively. IL- 
18 induces IFN7 and activates a T H 1 response (reviewed 
in Diriarello, 1998). Interestingly, Way et al. showed that 
IFNr-defici nt mic were significantly more susceptible 
toShig Ha infection at later tim points (Way etal., 1998). 



Given the rapid inflammatory response to Shigella, it 
would be surprising if IL-18 was acting solely as an 
IFN7-inducing factor. In fact, IL-18 seems to have IFN7- 
independent proinflammatory functions (Kohka et al., 
1998; Shapiro et al., 1998). More detailed studies on the 
early events of infection using IFN-y null mice will further 
delineate the functions of IL-18 in Shigella infections. 

IL-1 3 is essential in the innate immune response to 
many different microbial pathogens (Dinarello, 1998), 
and recently IL-18 was also shown to be crucial in the 
immune response to Mycobacterium tuberculosis (Su- 
gawara et al., 1999), Salmonella typhimurium (Mastroeni 
et al., 1999), Yersinia enterocolitica (Bohri et al., 1998), 
Leishmania major, and in sequelae to Staphylococcus 
aureus (Wei et al., 1 999). The mechanisms of IL-1 p and 
IL-18 activation in these infections, except in Salmo- 
nella, are not yet clear. Salmonella encodes SipB, a 
homolog of IpaB that activates Casp-1 (Hersh et al., 
1999). Recently Casp-1 was shown to be essential for 
the progression of salmonellosis in vivo (Monack et al., 
unpublished data). It remains to be determined whether 
Casp-1 -mediated inflammation through IL-1 p and IL-18 
is a common pathway in other microbial infections. 

The data presented here directly link the bacterial 
virulence factor IpaB with the initiation of inflammation 
through Casp-1. We propose that Casp-1 is a compo- 
nent of the innate immune response. Invasion of macro- 
phages by Shigella directly activates Casp-1 , which trig- 
gers an acute inflammation by proteolytically activating 
IL-ip and IL-18. It remains to be determined whether 
induction of apoptosis is necessary to allow the rapid 
release of these two cytokines. Thus, Casp-1 might have 
coevolyed with the virulence factors of acute pathogens 
such as Shigella. In this model, Casp-1 emerges as a 
protease that coordinates the use of an apoptotic path- 
way to release mature cytokines. 

Experimental Procedures 
Bacteria and Growth Conditions 

M90T, an invasive isolate of S. ffexneri serotype 5, was our virulent 
strain of reference (Sansonetti et al., 1981). An IpaB deletion mutant 
of M90T referred to as MpaB was used as a negative control (Menard 
et al., 1993). Bacteria were routinely grown in Luria Broth at 37°C 
with aeration. The bacteria were washed and resuspended in RPMI 
for macrophage infection and in PBS for mouse infections. 

Mice 

casp-1 ~'~ mice were obtained from the Animal Resource Facility at 
BASF Bioresearch Corporation (U et al., 1995). /L-7p _/ ~ mice were 
obtained from Merck (Zheng et al., 1995), and IL~18' f ~ mice (Takeda 
et al., 1 998) were obtained from Dr. Kiyoshi Takeda at Osaka Univer- 
sity. Animals were housed at the Institut Pasteur or NYU Medical 
Center animal facility, casp-1 and IL-18 null mice are C57BL/6, and 
tL-1$~'~ mice are in the I29 Sv background. All three null strains 
were backcrossed at least eight times and were controlled with the 
appropriate Isogenic mice. The course of the Shigella infection is 
indistinguishable in mice With different genetic background (P. J. S. 
et al., unpublished data). Control mice were obtained from the Unite 
de Genetique Murine and Central Animal Facility at the Institut 
Pasteur. 

Treatment with Recombinant Cytokines 
Mice were injected intraperitoneal^ with 0.5 pig/mouse mature mu- 
rine recombinant (L-10 (Ciruili et al., 1998; Neveu et al., 1998) and 
10 p,g/mouse IL-18 (both cytokines from Biosource International, 
CA) at the infection time and every 24 hr thereafter. These protocols 
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have been shown to be effective in other systems (Kawakami et al., 
1997; Cirulli et at., 1998; Neveu et al., 1998). 

Mice Infection and Bacterial Counts 

Mice were inoculated intranasaily with 2 x 10 6 bacteria in 20 \i\ as 
described (Phatipon et al. v 1995). For bacterial enumeration, the 
mice were sacrificed at the indicated time points and the lungs were 
rapidly removed "en bloc" and ground in 10 ml sterile PBS (Ultra 
Turrax T25 apparatus, Janke and Kunkel IKA Labortechnik GmbH, 
Staufen, Germany). Dilutions were then plated on Trypticase Soy 
Broth plates for cfu enumeration. Each data point is the mean of at 
least 1 0 (range 10-12) infected mice per group from two independent 
experiments. Susceptibility to Shigella infections was done in 
groups of at least 1 6 animals. 

TUNEL 

Terminal d-transferase dUTP nick end labeling (TUNEL) was done 
using the Apoptosis Detection System, Fluoresceine kit (Promega, 
Madison, Wl). For double-labeling experiments, the sections were 
first labeled with ant-LPS antiserum as described (Sansonetti et al., 
1996), then labeled with TUNEL and mounted in 50% glycerol in 
PBS. After photographing the LPS label by light microscopy and 
the TUNEL label with epifluorescence, the sections were washed, 
stained with H&E, dehydrated, and mounted in Permount The same 
field that was photographed for LPS and TUNEL labeling was local- 
ized and photographed again. To reconstitute the TUNEL and pro- 
pidium iodide label in a whole section, each field was scanned with 
a confocaf microscope (Molecular Dynamics, Sunnyvale, CA) in both 
channels. The sections were reconstructed using Adobe Photoshop. 

Histopathological Studies 

At the indicated time points, the mice were anesthetized, their tra- 
chea catheterized, and 4% formalin injected in order to fill the bron- 
cheoalveolar space. Lungs were then removed and fixed in 4% 
formalin before being processed for histopathological studies. Ten- 
micrometer paraffin sections were stained with H&E, and observed 
with a BX50 Olympus microscope (Olympus Optical, Europa, GmbH, 
Hamburg, Germany). To quantify the inflammatory response, the 
microscopic images were scanned into a computer and analyzed 
with NIH image software. The ratio of the surface of these areas to 
the entire surface of the tissue section minus the anatomic "holes", 
i.e., the lumen of large blood vessels and bronchi, was computed 
as the "inflammatory index." The resulting inflammatory index was 
the median of at least 1 7 mice (range 1 7-24) in each group. 

Statistics 

All two-way comparisons were done using the Mann Whitney non- 
parametric test 
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H morrhage and endotoxemia are important risk factors for 
th development of acute lung injury. Inteiieukin (IL)-18 is a 
recently described cytokine released in its mature, active form 
aft r pro-IL-18 is cleaved by the IL-1 converting enzyme (ICE). 
IL-18 has multiple immunomodulating properties, including 
induction of interferon-7 (IFN--y), IL-ip, tumor necrosis fac- 
tor-a, and intercellular adhesion molecule-1. To examine the 
possible involvement of IL-18 in acute lung injury, we exam- 
in d its expression, as well as that of IFN-7, IL-1 2, and ICE, us- 
ing murine hemorrhage or endotoxemia models. The 
amounts of IL-18 messenger RNA (mRNA) increased in the 
lung after hemorrhage or endotoxemia. However, only endo- 
toxemia was associated with elevations in lung and plasma 
concentrations of IL-18 protein. ICE expression was increased 
in the lungs after endotoxemia but not after hemorrhage. Al- 
though IFN-7 expression increased in the lungs after hemor- 
rhag or endotoxemia, elevations in lung IL-1 2 mRNA levels 
w re found only after endotoxemia. These results indicate 
that hemorrhage and endotoxemia induce different patterns 
of immunomodulatory cytokine expression in the lungs. In 
\ particular, differences in the expression of ICE after hemor- 
) rhag or endotoxemia may affect generation of the active 
forms of downstream cytokines, including IL-18. IFN-7 expres- 
sion in the lungs after hemorrhage appears to occur through 
a pathway independent of IL-1 2 and IL-18. IL-18 may play a 
rol in modulating the development of acute lung injury after 
end toxemia but not after hemorrhage. 

Acute lung injury (ALI) and its most severe form, acute 
respiratory distress syndrome (ARDS), are important clin- 
ical entities affecting approximately 150,000 patients in the 
United States per year (1,2). Infection and blood loss are 
two major, well-described etiologies predisposing to the 
development of ALI (1,2). Endotoxemia or hemorrhage 
induces increases in the expression of proinflammatory cy- 
tokines, including tumor necrosis factor (TNF)-a, interleu- 
kin (IL)-ip, IL-la, interferon (IFN)-7, and macrophage 
inflammatory peptide-2 in murine lung cells (3-8), and in- 
creased levels of TNF-a and IFN-7 are present in bron- 
choalveolar lavage fluid (BALF) after hemorrhage (8). 
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These experimental findings correlate with those from 
clinical studies where elevated levels of immunoregulatory 
cytokines, including IL-10, IL-8, TNF-a, and IL-6, are 
present in the plasma and BALF of patients with ARDS 
compared with control patients receiving mechanical ven- 
tilation (9-12). Recently, the proinflammatory activity of 
BALF was shown to be significantly greater than that of 
plasma in patients with ARDS, suggesting that the lung is 
an active, local site of inflammation in this setting (13, 14). 

IL-18, also called interferon gamma inducing factor, is a 
recently described cytokine initially isolated from hepatic 
Kupffer cells (15-18). IL-18 is constitutively expressed in 
lung, skin, skeletal muscle, kidney, and pancreas (18, 19). In 
in vitro studies, IL-18 increases IL-ip, TNF-a, IL-8, IL-2, 
and granulocyte macrophage colony-stimulating factor 
(GM-CSF) release (20-22), decreases IL-10 release (20), up- 
regulates intercellular adhesion molecule-1 expression (23), 
enhances T-cell proliferation (20, 24), increases natural killer 
cell activity through Fas ligand-mediated pathways (25-27), 
and can decrease angiogenesis in tumor models (28). 

Similar to pro-IL-10, pro-IL-18 lacks a signal sequence 
and requires cleavage to its mature and active form, which 
is then secreted (29, 30). The interleukin-1 converting en- 
zyme (ICE) is the predominant enzyme responsible for 
the cleavage of pro-IL-18 to mature IL-18 (29-31). 

The importance of IL-18 in the underlying pathophysio- 
logic response to endotoxemia, an important risk factor for 
the development of ALI, was recently illustrated in IL-18 re- 
ceptor knockout mice that were resistant to the effects of en- 
dotoxemia compared with wild-type control mice (27). How- 
ever, little is known concerning the kinetics of expression of 
IL-18 in the lungs after endotoxemia or other inflammatory 
insults, such as blood loss, that are associated with the devel- 
opment of ALI. We therefore investigated the effects of en- 
dotoxemia and hemorrhage on IL-18 and ICE expression in 
the lungs. Because IL-12 and IL-18 have overlapping prop- 
erties of inducing IFN-7 expression (32-36), we also exam- 
ined the ability of endotoxemia or hemorrhage to modulate 
pulmonary expression of IL-12 and IFN-7. 

Materials and Methods 
Animals 

Male BALB/c mice, ages 8 to 12 wk, were obtained from Harlen 
Sprague Dawley (Indianapolis, IN) and housed in the University 
of Colorado Health Sciences Center animal care facility. Mice 
were kept on a 12-h light/dark cycle with free access to food and 
water. 

Endotoxemia or Hemorrhage Models 

The endotoxemia and hemorrhage models used in these experi- 
ments have been described previously by our laboratory (3, 4, 6- 
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8). Both are associated with onset of ALI within 72 h as evi- 
denced by pulmonary neutrophil infiltration, interstitial pulmo- 
nary edema, and proteinaceous alveolar exudate (3, 7, 37, 38). 

For endotoxemia, mice were injected intraperitoneally with li- 
popolysaccharide (Escherichia coli 0111:B4; Sigma, St Louis, 
MO) at the dose of 25 mg/kg in 0.2 ml phosphate-buffered saline 
(PBS). Control mice received 0.2 ml PBS intraperitoneally. Hem- 
orrhage was performed by removal of 30% of the calculated total 
blood volume (0.55 ml for a 20-g mouse) by cardiac puncture 
over 60 s under methoxyflurane anesthesia. With this method, 
overall mortality is < 12%, with no evidence of bleeding into the 
pericardial space, hemothorax, or lung or cardiac contusion (3, 4, 
6-8). Control animals underwent cardiac puncture under meth- 
oxyflurane anesthesia without blood removal. 

Lung Isolation and BALF Collection 

At predetermined time points, mice were exsanguinated by car- 
diac puncture under methoxyflurane anesthesia. The blood was 
drawn into a heparinized syringe (5 U heparin), then centrifiiged 
at 2,500 rpm for 10 min for plasma collection. After death, the 
chest cavity was opened, the right ventricle flushed with 3 to 5 ml 
of PBS at 4°C. and the lungs removed with avoidance of the peri- 
tracheal lymph nodes (3, 5, 8). The lungs were then snap-frozen 
in liquid nitrogen with the right lung used for RNA extraction 
and the left lung used for protein analysis. 

Semiquantitative Reverse Transcriptase/Polymerase 
Chain Reaction 

The techniques used for semiquantitative reverse transcriptase/ 
polymerase chain reaction (RT-PCR) have been previously de- 
scribed by our laboratory (3-8). Total RNA was isolated from the 
right lung by phenol-chloroform extraction after homogenization 
in 2 ml of 4 M guanidine thiocyanate/5 mM sodium citrate/0.5% 
sarcosyl and 0.1 M 2-mercaptoethanol. Complementary DNA 
(cDNA) was then synthesized from 1 p,g total RNA using Mal- 
oney murine leukemia virus reverse transcriptase and random 
hexamer oligonucleotides as previously described by our labora- 
tory (3, 4,6-8). 

Semiquantitative PCR for IL-18, IFN-7, IL-12, and ICE was 
performed using 5 |jl1 of the cDNA mixture under the following 
cycle conditions (except for ICE): initial 2 min 94°C denaturation 
step followed by 30 to 38 cycles of 60 s, 94°C denaturation; 60 s, 
55 to 65°C annealing (depending on cytokine primers); and 60 s, 
72°C extension. A final 4-min extension at 72°C was then per- 
formed. For ICE, the cycle conditions were an initial 1 min 95°C 
denaturation step followed by 38 to 40 cycles of 30 s, 94°C dena- 
turation; 30 s, 54°C annealing; and 60 s, 72°C extension. This was 
followed by a 5-min 72°C final extension step. PCR products 
were visualized by electrophoresis on 1.6% agarose gels with 
ethidium bromide staining. Cycle number was adjusted so that 
the PCR products were between barely visible and below satura- 
tion. The housekeeping genes glyceraldehyde-3-phosphate dehy- 
drogenase (G3PDH) and hypoxanthine phospho-ribosyl trans- 
ferase (HPRT) were used as controls. Analysis of the gel was 
done by densitometry (ImageStore 5000; UVP, San Gabriel, CA) 
with relative absorbance determined by comparison of the den- 
sity of the PCR product of the cytokine of interest to the house- 
keeping gene. 

Measurement of IL-18 Protein 

For assessment of IL-18 protein levels, an electrochemilumines- 
cence (ECL) assay was used. The techniques used for the ECL 
assay have been described previously (22). Briefly, the left lung 
was homogenized in lysis buffer containing M2-hydroxyethylpip- 
erazine-TV -ethane sulfonic acid 10 mM, NaCl 150 mM, Igepal 1% 
vol/vol, ethylenediaminetetraacetic acid 1 mM, leupeptin 1 u,g/ml, 



phenylmethylsulfonyl fluoride 100 p,g/ml, aprotinin 1 u,g/ml, pep- 
statin 1 jLg/ml, and soybean trypsin inhibitor 1 u,g/ml; centrifuged 
at 2,500 rpm for 10 min; and the supernatant was then removed, 
aliquoted, and kept at -80°C until analyzed for IL-18 levels. An- 
tibodies used were an affinity-purified, antimurine IL-18 poly- 
clonal antibody (R&D Systems, Minneapolis, MN) that was 
labeled with bioten (Igen Inc., Gaithersburg, MD) as per manu- 
facturer's protocol, and a monoclonal, antimurine IL-18 antibody 
(R&D Systems) labeled with ruthenium (II) trisbipyride chelate 
(Igen) as per the manufacturer's instructions. The biotinylated 
antibody was diluted to a final concentration of 0.5 p.g/ml in PBS 
(pH 7.4) containing 0.25% bovine serum albumin, 0.5% Tween- 
20, and 0.01% azide (ECL buffer). In each assay tube, 25 ui of 
the above biotinylated anti-IL-18 antibody was incubated at 
room temperature with 25 \d of a 1-mg/ml solution of streptavi- 
din-coated paramagnetic beads (Dynal Corp., Lake Success, NY) 
diluted in ECL buffer for 30 min with mixing by vigorous shak- 
ing. To each assay tube, 25 \d of sample or standard concentra- 
tions of recombinant murine IL-18 (Pepro-Tech Inc., Rocky Hill, 
NJ) were added, followed by 25 yd of the ruthenylated antibody 
(final concentration 1 mg/ml, diluted in ECL buffer), and incu- 
bated overnight at room temperature with shaking. The reaction 
was quenched with 200 pi of PBS per tube and the amount of 
chemiluminescence was determined using an Origen 1.5 analyzer 
(Igen Inc.). A standard curve was constructed using recombinant 
IL-18 (Pepro-Tech, Inc.). The IL-18 ECL detects both pro- and 
mature IL-18 with a sensitivity of 20 pg/ml. 

Statistical Analysis 

Groups of 5 to 8 mice were used for each time point For each ex- 
perimental condition, groups of control, unmanipulated animals 
were included. Data are presented as mean normalized to con- 
trols ± standard error of the mean (SEM) for each experimental 
group. Groups were compared using one-way analysis of variance 
and the Tukey-Kramer multiple comparison tests for differences 
between groups. A P value < 0.05 was considered to be statisti- 
cally significant. 

Results 

IL-18 Expression Is Increased in the Lung after 
Endotoxemia or Hemorrhage 

As reported previously (18, 19), we found that IL-18 mes- 
senger RNA (mRNA) is constitutively expressed in the 
lung (Figure 1). As early as 1 h after endotoxemia, there 
was increased expression of IL-18 mRNA in the lungs, fol- 
lowed by a decrease to below baseline levels of expression 
4 h after endotoxin administration. No detectable IL-18 
mRNA, even with 40 cycles of PCR, could be found 8 h af- 
ter endotoxemia (Figures 1A and IB). 

Amounts of IL-18 mRNA were increased in the lung 
after hemorrhage. As shown in Figure 1, IL-18 expression 
in the lungs increased more slowly after hemorrhage than 
after endotoxemia, with peak in IL-18 mRNA levels being 
present 4 h after hemorrhage with return to below base- 
line levels 4 h later. 

IL-18 Protein Levels Are Increased in the Lung and Plasma 
after Endotoxemia but Not after Hemorrhage 
Because alteration in IL-18 mRNA levels may not neces- 
sarily correlate with changes in protein, we investigated IL-18 
protein in the lung and plasma of mice either given endo- 
toxin or hemorrhaged. Significant increases in IL-18 protein 
were present in the lungs 1 h after endotoxemia (Figure 
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Figure 1. IL-18 mRN A expres- 
sion increases in the lung after 
endotoxemia or hemorrhage. 
BALB/c mice were injected 



with LPS or PBS as control (A and B) or were hemorrhaged 30% 
of their blood volume (C and D). At the indicated time points, 
RT-PCR for IL-18 was performed. No IL-18 PCR product was vi- 
sualized 8 h after endotoxemia, even after 40 cycles. Results are 
normalized to G3PDH and are expressed as relative absorbance 
normalized to controls ± SEM. *P< 0.05, **P< 0.001. Represen- 
tative gels for IL-18 mRNA expression after LPS (JB) or hemor- 
rhage (D) are shown. 



2A). Pulmonary IL-18 levels remained significantly ele- 
vated, compared with those present in unmanipulated 
mice, 4 h after endotoxemia, and then returned to baseline 
levels 8 h after endotoxin administration. In contrast to the 
increased levels of IL-18 present in the lung after endotox- 
emia, we did not find any significant alterations in IL-18 
protein in the lung during the 8-h period after hemorrhage. 
In bronchoalveolar lavage, IL-18 was undetectable in con- 
trol, unmanipulated mice and at all time points after endo- 
toxemia or hemorrhage (data not shown) . 

In plasma, low levels of IL-18 were found at baseline. 
Increases in plasma IL-18 occurred as early as 1 h after en- 
dotoxin administration, reached statistical significance 4 h 
after endotoxemia, and then returned to baseline 4 h later 



(Figure 2B). In contrast to endotoxemia, hemorrhage did 
not produce any statistically significant changes in plasma 
IL-18 levels (data not shown). 

IFN-7 Expression Is Increased in the Lung after 
Endotoxemia or Hemorrhage 

IFN-7 mRNA levels rose after endotoxin injection, with sig- 
nificant increases, compared with baseline, being present 4 
and 8 h after endotoxin administration (Figure 3A). The 
expression of IFN-7 mRNA in the lung also increased af- 
ter hemorrhage, but with kinetics different from those 
seen after endotoxin administration. The peak in expres- 
sion of IFN-7 mRNA occurred 4 h after hemorrhage and 
was of short duration, with a return to below baseline 8 h 
after blood loss (Figure 3B). 

Expression of IL-12 mRNA Is Increased in the Lung after 
Endotoxemia but Not after Hemorrhage 

IL-12 induces IFN-7 expression both alone and in synergy 
with IL-18, in part by upregulating IL-18 receptors (32-36). 
In the present experiments, there was a rapid, but tran- 
sient, increase in the expression of IL-12 mRNA in the 
lung after endotoxin administration (Figure 4). IL-12 
mRNA levels were significantly greater than those present 
in the lungs of control, unmanipulated mice 1 h after en- 
dotoxin administration. By 4 h after endotoxin administra- 
tion, IL-12 expression was similar to baseline. After hem- 
orrhage, the only significant alteration in IL-12 expression 
was a decrease 8 h after blood loss. 

ICE mRNA Expression Is Increased in the Lung after 
Endotoxemia but Not after Hemorrhage 

Because ICE is important in cleaving pro-IL-18 to mature 
IL-18 (29-31), we investigated its expression in the lung af- 
ter endotoxemia or hemorrhage. ICE mRNA was consti- 
tutively present in the lung (Figure 5), and then increased 
4 h after endotoxemia, before returning to baseline levels 
8 h after endotoxin administration (Figure 5). After hem- 
orrhage, there was no alteration in the expression of ICE 
mRNA in the lung at any of the time points investigated. 

Discussion 

In these experiments, we found that endotoxemia and 
hemorrhage produce rapid increases in the expression of 
IL-18 mRNA in the lung, present between 1 and 4 h, re- 
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levels are increased in the lung af- 
ter endotoxemia, but not after hem- 
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Figure 3. IFN-7 mRNA expression increases in the lung after en- 
dotoxemia or hemorrhage. BALB/c mice were injected with LPS 
or PBS as control (A) or were hemorrhaged 30% of their total 
blood volume (£). At the indicated time points, RT-PCR for 
IFN-7 was performed. Results are normalized to G3PDH and are 
expressed as relative absorbance normalized to controls ± SEM. 
*P<0.00L 



spectively, after each of these conditions. The kinetics of 
IL-18 mRNA expression in the lung after endotoxemia or 
hemorrhage are consistent with those reported in previous 
in vitro studies (39, 40). In keratinocytes exposed to contact 
allergens, IL-18 mRNA levels increased between 4 and 6 h 
(39). When human peripheral blood mononuclear cells are 
exposed to endotoxin, IL-18 mRNA levels peak between 2 
and 6 h (40). In the only other in vivo study investigating 
IL-18 after endotoxemia, an increase in IL-18 mRNA lev- 
els in murine splenocytes was found within 2 h after endo- 
toxin administration (41). In that study, pulmonary expres- 
sion of IL-18 was not examined (41). 

In addition to inducing increases in IL-18 mRNA ex- 
pression, we found that endotoxin administration was fol- 
lowed by increased IL-18 protein in the lung and plasma. 
The elevations in lung and plasma IL-18 protein levels 
were of short duration, occurring between 1 and 4 h after 
endotoxemia, and suggest that IL-18 may be active in the 
lung early in the proinflammatory response. Our findings 
of increased IL-18 plasma levels after endotoxemia are 
similar to the kinetics of IL-18 protein levels seen in an 
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Figure 4. IL-12 mRNA expression is increased in the lung after 
endotoxemia, but not after hemorrhage. BALB/c mice were in- 
jected with LPS or PBS as control (A) or were hemorrhaged 30% 
of their total blood volume (B). At the indicated time points, RT- 
PCR for IL-12 was performed on excised lungs. Results are nor- 
malized to HPRT and are expressed as relative absorbance nor- 
malized to controls ± SEM. *P< 0.001, 



earlier in vivo study (15) where IL-18 serum levels peaked 
2 h after endotoxemia, with a gradual return to baseline 
over the next 4 h. 

We did not find an increase in IL-18 protein levels in the 
lung or plasma after hemorrhage, suggesting that there are 
differences in the post-transcriptional regulation and there- 
fore probable importance of IL-18 in these two models of 
ALL The explanation for the lack of an increase in IL-18 
levels after hemorrhage, in the face of elevated IL-18 
mRNA expression, may be related to differences in ICE 
activity after endotoxemia or hemorrhage. We found that 
ICE expression in the lung was increased after endotox- 
emia, but not after hemorrhage. Unlike pro-IL-ip where 
proteases other than ICE are able to generate mature IL- 
10, ICE is currently the only known protease able to cleave 
pro-IL-10 into its mature and active form (29-31). 

Endotoxin-associated increases in IFN-7 mRNA levels 
occurred after the peak in IL-18 mRNA expression and si- 
multaneously with the peak in IL-18 plasma levels. This 
suggests that IL-18 may be responsible for the enhanced ex- 
pression of IFN-7 in the lung after endotoxemia. Previous 
studies showed that IL-18 occupies an important role in in- 
ducing IFN-7 expression after endotoxemia (15, 16, 27, 31). 
In particular, IFN-7 expression was markedly reduced both 
in ICE and in IL-18 knockout mice compared with wild- 
type control mice after endotoxin administration (27, 31). 

Because IL-18 protein levels do not increase in the 
lungs after hemorrhage, other factors would appear to be 
responsible for inducing IFN-7 expression in this setting. 
The importance of IL-18 in inducing IFN-7 expression af- 
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• Figure 5. ICE expression in- 
creases in the lung after endo- 
toxemia, but not after hemor- 
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and B) or were hemorrhaged 30% of their total blood volume (C 
and D). At the indicated time points, RT-PCR for ICE was per- 
formed. Results are normalized to HPRT and are expressed as 
relative absorbance normalized to controls ± SEM. *P < 0.001. 
Representative gels for ICE mRNA expression after LPS (B) or 
hemorrhage (D) are shown. 
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ter inflammatory insults other than endotoxemia has not 
been well characterized. A recent study showed that IL-18 
is important for IFN-7 expression after zymosan exposure 
(31). However, there are no previous studies that have in- 
vestigated interrelationships between IL-18 and IFN-7 af- 
ter hemorrhage. 

IL-2, TNF-a, and IL-12 can increase IFN-7 expression 
(15, 33-36, 42). IL-12, although considered a weaker in- 
ducer of IFN-7 than IL-18, increases IFN-7 expression, 
both primarily and in synergy with IL-18 (32-36). In our 
study, we failed to find an increase in IL-12 mRNA levels 
in the lung after hemorrhage, indicating that IL-12 was un- 
likely to have been responsible for the observed effects on 
IFN-7. In previous studies (4), we found that hemorrhage 
resulted in upregulation of TNF-a, but not of IL-2, in the 
lungs, suggesting that TNF-a, but not IL-2, may play a role 
in modulating IFN-7 expression after blood loss. Addi- 
tionally, signaling through the p38 mitogen-activated pro- 
tein (MAP) kinase pathway has previously been shown to 
upregulate IFN-7 expression in vitro (43). This suggests 
that other mediators, such as IL-ip, IL-3, and GM-CSF, 
which use the p38 MAP kinase signaling pathway, may be 
involved in the induction of IFN-7 expression in the lung 
after hemorrhage (43). 
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Summary. Lytic bone lesions and hypercalcemia are com- 
mon features of multiple myeloma. In contrast, they are 
exceptional in other B-cell malignancies. Myeloma bone 
involvement is related to an uncoupling process associat- 
ing increased osteoclastic resorption with decreased bone 
formation. Several osteoclast-activating factors, such as 
interleukin-1, macrophage colony-stimulating factor, 
and interleukin-6, are involved in this process. However, 
interleukin-6, the major myeloma cell growth factor, 
^ plays a critical role in myeloma-induced bone resorption. 

C . Key words: Multiple myeloma - Bone resorption - Os- 
teoclast-activating factors - Interleukin-6 



Introduction 

Lytic bone lesions and hypercalcemia are common fea- 
tures in patients with multiple myeloma (MM) [33]. Few 
patients with MM fail to develop lytic bone lesions; ex- 
ceptionally, some patients present with osteosclerotic le- 
sions [32]. Mixed and sclerotic bone lesions are more 
frequently observed in patients with either solitary 
myeloma or POEMS syndrome [32]. In contrast to MM, 
other B-cell malignancies (except for hairy-cell leukemia) 
are not associated with bone involvement despite bone 
marrow invasion [41]. It is thus critical to clarify the 
mechanisms leading to bone lesions in MM (and those 
leading to bone protection observed in a minority of MM 
patients), and to understand why bone involvement is 
restricted to MM. This is important for understanding 
the pathogenesis of both MM and B-cell malignancies. 
Furthermore, this could improve the management of 
myeloma-induced bone changes, or even prevent these 
changes independently of standard anti-myeloma treat- 
ments. Bone healing is only observed in 30% of 
chemotherapy-induced remissions [39]. 



Excessive osteoclastic resorption induced by myeloma cells 

Increased bone resorption is a characteristic feature of 
patients with MM. This excessive bone resorption is eas- 
ily evaluated by quantitative bone biopsy and is observed 
in all patients with active disease (diagnosis, relapse), 
regardless of the presence (or not) of lytic bone lesions on 
radiography, provided that myeloma cells are present in 
the bone sample. In contrast, a normal bone resorption is 
observed in non-invaded biopsies and/or in biopsies from 
patients in remission. The increased bone resorption is 
generally observed in the close vicinity of myeloma cells. 
However, some patients with active disease do not pres- 
ent any increased bone resorption (Table 1) and these 
patients lack myeloma cells in the bone biopsy. These 
patients correspond to exceptional osteoblastic MM 
(lacking bone lesions on radiography) or to osteosclerotic 
MM. 

Since the first investigation by Mundy et al. [33], sev- 
eral studies (including ours) have confirmed an excessive 
bone resorption in the bone marrow of patients with MM 
[1, 22, 48]. This excessive bone resorption is related to an 
increase in trabecular osteoclast number [5, 22, 26]. How- 
ever, the increase in osteoclast number is only observed in 
75% of patients [11]. Until now, no evaluation of cortical 



Table 1. Histomorphopometric features of patients with osteoblas- 
tic-osteosclerotic myeloma 
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osteoclasts has' been performed in MM. Our morphomet- 
ry studies have shown that these osteoclasts have only 
one or few nuclei and are of normal length, in contrast to 
the large multinucleated osteoclasts encountered in pri- 
mary hyperparathyroidism and Paget's disease of bone 
[15]. In contrast, an increase in abnormal osteoclasts, i.e., 
small mononuclear osteoclasts (micro-osteoclasts), was 
observed in most patients with B-cell malignancies other 
than MM, including chronic lymphocytic leukemia, non- 
Hodgkin's lymphoma, Waldenstrom's disease, and 
mainly hairy-cell leukemia [31, 42]. Our morphometry 
data suggested that the increased osteoclastic resorption 
in MM was associated with a normal maturation of os- 
teoclasts, which was not observed in other B-cell malig- 
nancies. In these latter cases, mainly in hairy-cell 
leukemia, tumor induced an increase in early and late 
osteoclastic precursors, without complete maturation. 
This suggests a biology completely different from that of 
MM. 

The increased osteoclastic resorption in MM explains 
the high sensitivity of myeloma patients to the acute ef- 
fects of calcitonin a potent anti-osteoclastic agent [3, 4], 
supports the potentially beneficial effects of bisphospho^ 
nates in the treatment of myeloma-induced bone changes 
as illustrated by preliminary published results [1, 17, 36, 
44], and is in agreement with previous mouse studies [38]! 
When quantitative bone biopsies were performed in indi- 
viduals \yith early (i.e., subclinical) MM, an excessive 
bone resorption was also observed, as marked as that in 
patients with overt MM [11]. In contrast, this abnormal 
remodelling was not found in individuals with either be- 
nign monoclonal gammopathy [11] or smouldering MM 
(R. Bataille, D. Chappard, unpublished data). These crit- 
ical data have shown that excessive osteoclastic resorp- 
tion is an early phenomenon in MM which can be ob- 
served several years before the first clinical symptoms of 
the disease and is thus a useful parameter for discriminat- 
ing benign monoclonal gammopathy or smouldering 
MM from early active MM [1 1]. 



Mechanisms of lytic bone lesions in MM 

The observation that increased osteoclastic resorption 
accurred in almost all patients with MM suggested that 
lytic bone lesions could not be simply explained by an 
increased bone resorption [7]. When we compared at the 
time of diagnosis the histomorphometric features of pa- 
tients with lytic bone lesions with those of patients lack- 
ing such lesions, it was evident that the two groups had an 
opposite bone profile. An uncoupling bone process (i.e 
increased bone resorption with decreased bone forma- 
tion) was a characteristic feature of patients with lytic 
bone lesions. Such uncoupling was not observed in pa- 
tients lacking lytic bone lesions [7]. Thus, these data have 
shown that the inhibition of bone formation was as crit- 
ical for the development of lytic bone lesions as excessive 
bone resorption [7]. This concept was further supported 
by studies in patients who never developed lytic bone 
lesions or who presented with sclerotic MM (L. Heraud 
unpublished data) [9, 16, 30]. As shown in Table 1, five of 
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these patients had increased parameters of both bone 
resorption and bone formation, whereas one had a selec- 
tive increase in parameters of bone formation. Serial 
biopsies (performed in the same patient) have confirmed 
the existence of an uncoupling process during bone de- 
struction, and conversely the maintenance of a coupling 
process in patients lacking lytic bone lesions despite ac- 
tive disease (R. Bataille, D. Chappard, unpublished 
data). Osteoblastic and osteosclerotic MM were re- 
stricted to the O Meg" X isotype for unknown reasons 
(R. Bataille, unpublished data obtained with antibodies 
kindly supplied by R. Jefferis). 

The critical role of bone formation in the occurrence 
of lytic bone lesions in patients with MM was further 
supported by our studies with the bone gla protein (BGP) 
[6, 10]. A good correlation was found between BGP se- 
rum levels and bone formation rates (evaluated on bone 
biopsies) in patients with either early or overt MM. Ex- 
tensive studies of serum BGP in MM have shown an 
inverse correlation between BGP serum levels and the 
lytic potential of the tumor [6, 10]. Patients lacking lytic 
bone lesions had significantly higher BGP serum levels 
than those with lytic bone lesions. We have previously 
shown that the lytic potential of the tumor is directly 
correlated with the in vivo instantaneous rate of bone 
resorption in the body evaluated by a standard calci- 
tonin-induced hypocalcemia test [3, 4]. In contrast to the 
excessive osteoclastic resorption, which was found to be 
an early phenomenon in the pathogenesis of MM, the 
inhibition of bone formation was progressively observed 
during disease progression. We have recently shown that 
bone formation is normal or rather increased in early 
MM [1 1]. As previously emphasized, serial biopsies in the 
same patient have shown that the uncoupling is a sec- 
ondary process. Thus, the early myeloma-induced abnor- 
mal bone remodelling was generally characterized by 
stimulation of both bone resorption and bone formation 
[11]. These data suggest that osteoblasts able to produce 
many growth and osteoclast-activating factors could play 
a critical role in the early part of the disease (see next 
section). 



Pathogenesis of myeloma-induced bone changes 

As outlined in the previous section, the generation of new 
osteoclasts with increased osteoclastic resorption in the 
close vicinity of myeloma cells is an early and character- 
istic feature of myeloma bone marrow [11]. With ad- 
vanced disease bone formation is suppressed, whereas in 
early disease osteoblastic activity is maintained or rather 
stimulated [1 1]. Another critical observation is the strong 
natural killer (NK)-cell activity which has been found in 
the bone marrow of patients with MM and not in that of 
patients with B-cell malignancies other than MM [46]. 
Thus, accelerated maturation of both osteoclasts and 
NK-cells are the most specific features of MM compared 
with other B-cell malignancies and could have a similar 
(common) origin. We, and others, have demonstrated 
that interleukin-6 (IL-6) is the major myeloma cell 
growth factor in vitro and in vivo [24, 26, 54]. IL-6 is 
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overproduced in the bone marrow of patients with MM 
and circulates in the peripheral blood [8]. We and others, 
xhave shown that other factors are involved in myeloma 
-cell growth, as co-factors of IL-6; these include IL-1, 
tumor necrosis factor (TNF), IL-3, and granulocyte- 
macrophage and granulocyte colony-stimulating factor 
[55] (B. Klein, R. Bataille, unpublished data). As IL-6, 
some of these factors are present in the bone marrow of 
patients with MM in vitro and even in vivo. Importantly, 
almost all these factors are able to stimulate the genera- 
tion of new osteoclasts and osteoclastic activiy, and to 
inhibit bone formation [14]. Among these bone factors, 
IL-6 appears to play a critical role as an osteoclast-acti- 
vating factor mediating the bone effects of both IL-1 and 
TNF [2]. 

Since the first study of Mundy et al. [34], several stud- 
ies have confirmed the presence of a strong bone-re- 
sorbing activity in the bone marrow of patients with MM 
[8-21, 23, 25, 40, 43, 52]. Furthermore, in three of these 
studies, IL-1 /? was shown to be the cytokine supporting 
the bone-resorbing activity [21, 25, 52]. The recent 
demonstrations of: (1) the bone-resorbing activity of IL-6 
in vitro and in vivo (in mouse), (2) the induction of IL-6 
by IL-1 fi> (3) the synergy between IL-1 p and IL-6 in 
vitro in terms of bone-resorbing activity, and (4) the IL-6 
mediation of IL-1 ft bone-resorbing activity shown that 
IL-6 rather than IL-1 fi 9 which is overproduced in MM, 
is certainly one of the most critical and final products 
involved in myeloma-induced bone changes [2]. The 
hypocalcemic effects of an antiJL-6 murine monoclonal 
) antibody, able to inhibit myeloma cell proliferation in 
vivo, support this concept [27]. Recently, IL-6 has been 
shown to increase NK-cell activity [28, 45]. Thus, IL-6 is 
probably involved in both the excessive osteoclastic and 
NK-cell activities found in the bone marrow of patients 
with MM. We have shown that IL-6 is a paracrine rather 
than autocrine growth factor in MM [26, 37]. In agree- 
ment with a recently reported model [53], myeloma-in- 
duced bone changes as myeloma cell growth could be 
IL-6-mediated paraneoplastic syndromes. 

Intensive research has to be devoted to the nature of 
known and unknown factors produced by myeloma cells 
and able to both stimulate the production of IL-6 by the 
tumoral microenvironment and synergize with IL-6 to 
increase bone resorption as myeloma cell growth. Several 
recent reports suggest that IL-1 /? could be one of these 
factors [21, 25, 52]. Others suggest that macrophage 
colony-stimulating factor (MCSF) could be another crit- 
ical factor in this process. Indeed, MCSF is overproduced 
in vivo in MM in relation to disease severity [50] (B. 
Klein, R. Bataille, unpublished data). Myeloma cell lines 
produce MCSF in vitro [35]. MCSF is documented as an 
inducer of several cytokines and could be a putative in- 
ducer of IL-6, as is IL-1 /J [49], Its synergy with IL-6 as a 
hematopoietic growth factor is well known [12]. The role 
of MCSF in bone resorption is probably essential, since, 
in mouse, osteopetrosis (characterized by a lack of bone 
: resorption) is related to a total and selective absence of 
MCSF [51]. MCSF stimulates the generation of os- 
teoclasts in vitro [29]. Taken together, these data suggest 
that MCSF, which is overproduced in vivo, maybe by the 
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myeloma cells themselves, could be critical in the patho- 
genesis of myeloma-induced bone changes. Recent addi- 
tional data support this concept [13, 47]. In the mouse, 
osteoclasts can be generated from peripheral blood 
monocytes in the presence of osteotropic hormones and 
stromal cells producing MCSF (and probably some other 
critical factors) [47], The same observation (i.e., genera- 
tion of new osteoclasts from peripheral blood precursors 
in the presence of stromal cells) was recently made in MM 
by Caligaris-Cappio etal. [13]. IL-3 and IL-6, were 
mainly involved in this culture system, but MCSF was 
not investigated. Finally, the same culture system allowed 
not only the generation of osteoclasts but also myeloma 
cells from unidentified precursors, showing that both 
phenomena are closely related and dependent on the 
same microenvironment and stromal growth factors. It is 
clear that unknown factors released by such stromal cells 
are also involved. New cytokines able to stimulate bone 
resorption (OPF) or NK-cell activity (NKCSF) deserve 
special attention in MM. 



Conclusions 

Bone involvement, mainly bone destruction, is a charac- 
teristic and usual feature of MM. In contrast, it is excep- 
tional in B-cell malignancies other than MM. Bone de- 
struction is the consequence of an uncoupling process 
associating an increased osteoclastic resorption with an 
inhibition of bone formation. Conversely, patients lack- 
ing lytic bone lesions or those with sclerotic MM have an 
increased bone resorption and maintain a normal or have 
an increased bone formation (coupling process). This ex- 
cessive osteoclastic resorption is an early phenomenon, as 
opposed to the inhibition of bone formation. It is ob- 
served several months or years before the occurrence of 
the first clinical symptoms of the disease. Thus, it is an 
early criterion of malignancy, useful for discriminating 
benign monoclonal gammopathy and smouldering MM 
from early active MM. Several osteoclast-activating fac- 
tors, produced either by the myeloma cells themselves or 
the hematopoietic microenvironment, are probably in- 
volved in the pathogenesis of such bone lesions. At pres- 
ent, IL-6 (the major myeloma cell growth factor) and 
IL-1 /? appear to be the most critical factors. Indirect 
arguments suggest that other hematopoietic growth fac- 
tors (mainly MCSF) play a role. Taken together, these 
data demonstrate a close relationship between myeloma 
cell growth factors and osteoclast-activating factors. 

Acknowledgements. We thank L. Bataille-Zagury for editing the 
English text and M. Frei for typing the manuscript. This work was 
supported by grants from 1' Association pour la Recherche sur le 
Cancer and la Ligue Nationale contre le Cancer, Paris, France. 



References 

1. Ascari E, Attardo-Parrinello G, Merlini ,G, Treatment of pain- 
ful bone lesions and hypercalcemia. Eur J Haematol 43:135, 
1989 



2§6 



5. 

6. 
7. 

8. 

9. 

10. 
11. 

12. 

13. 

14. 
15. 

16. 
17. 

18. 
19. 
20. 

21. 
22. 



Bataille R, Klein B, The bone resorbing activity of interleukin- 
6. J Bone Miner Res 1991 (in press) 

Bataille R, Sany J, Clinical evaluation of myeloma osteoclastic 
bone lesions. II. Induced hypocalcemia test using salmon calci- 
tonin. Metab Bone Dis Relat Res 4:39, 1982 
Bataille R, Legendre O, Sany J, Acute effects of salmon calci- 
tonin in multiple myeloma: a valuable method for serial evalu- 
ation of osteoclastic lesions and disease activity. A prospective 
study of 125 patients. J Clin Oncol 3:229, 1985 
Bataille R, Chappard D, Alexandre C, Sany J, Importance of 
quantitative histology of bone changes in monoclonal gammo- 
pathy. Br J Cancer 53: 805, 1986 

Bataille R, Delmas P, Sany J, Serum bone gla-protein (osteocal- 
cin) in multiple myeloma. Cancer 59:329, 1987 
Bataille R, Chappard D, Marcelli C, Dessauw P, Sany J, Baldet 
P, Alexandre C, Mechanism of bone destruction in multiple 
myeloma. The importance of an unbalanced process in deter- 
mining the severity of lytic bone disease. J Clin Oncol 7:1909, 
1989 

Bataille R, Jour dan M, Zhang XG, Klein B, Serum levels of 
interleukin-6, a potent myeloma cell growth factor, as a reflec- 
tion of disease severity in plasma cell dyscrasias. J Clin Invest 
84:2008, 1989 

Bataille R, Chappard D, Marcelli C, Rossi JF, Dessauw P, 
Baldet P, Sany J, Alexandre C, Osteoblast stimulation in multi- 
ple myeloma lacking lytic bone lesions. Br J Haematol 76:484, 
1990 

Bataille R, Delmas PD, Chappard D, Sany J, Abnormal serum 
bone gla protein levels in multiple myeloma; crucial role of bone 
formation and prognostic implications. Cancer 66:167, 1990 
Bataille R, Chappard D, Marcelli C, Dessauw P, Baldet P, Sany 
J, Alexandre C, The recruitment of new osteoblasts and os- 
teoclasts is the earliest critical event in the pathogenesis of 
human multiple myeloma. J Clin Invest 88:62, 1991 
Bot FJ, Eijk L van, Broeders L, Aarden LA,' Lowenberg B 
Interieukin-6 synergizes with M-CSF in the formation of 
macrophage colonies from purified human marrow progenitor 
cells. Blood 73:435, 1989 

Catfgaris-Cappio F, Bergui L, Gregoretti MG, Gaidano G, 
Gaboli M, Schena M, Zambonin-Zallone A, Marchisio PC, 
Role of bone marrow stromal cells in the growth of human 
multiple myeloma. Blood 77:2688, 1991 
Canalis E, McCarthy T, Centrella M, Growth factors and the 
regulation of bone remodelling. J Clin Invest 81:277 1988 
Chappard D, Rossi JF, Bataille R, Alexandre C, Cyto- 
morphometry of osteoclasts demonstrates an abnormal popula- 
tion in B-cell malignancies but not in multiple myeloma Calcif 
Tissue Int 48: 13, 1991 

Charhon S, Le myelome multiple a forme osteocondensante - 
a propos de deux observations personnelles et revue de la lite- 
rature. These de medicine, Lyon, France 1979 
Delmas PD, Charmon S, Chapuy MC, Vignon E, Briancon D, 
Edouard C, Meunier PJ, Long-term effects of dichloromethylene 
diphosphonate (C1 2 MDP) on skeletal lesions in multiple 
myeloma. Metab Bone Dis Rel Res 4: 163, 1982 
Durie BGM, Salmon SE, Mundy GR, Relation of osteoclast 
activating factor production to extent of bone disease in multi- 
ple myeloma. Br J Haematol 47:21, 1981 
Gailani S, McLimans WF, Mundy GR, Nussbaum A, Roholt 
O, Zeigel R, Controlled environment culture of bone marrow 
explants from human myeloma. Cancer Res 36:1299, 1976 
Garrett IR, Durie BGM, Nedwin GE, Gillespie A, Bringman T, 
Sabatini M, Bertolini DR, Mundy GR, Production of lympho- 
toxin a bone resorbing cytokine, by cultured human myeloma 
cells. N Engl J Med 317: 526, 1987 

Gozzohno F, Torcia M, Aldinucci D, Rubartelli A, Miliani A, 
Shaw R, Lansdorp AR, Di Guglielmo R, Production of inter- 
leukin-1 by bone marrow myeloma cells. Blood 74:380, 1989 
Grauer JL, Blanc D, Zagala A, Sotto JJ, Duplan B, Drevet JG, 
Phelip X, L'histomorphometrie osseuse dans les dysglobuline- 
mies monoclonales. Rev Rhum Mai Osteoartic 53:517, 1986 



26. 



R. Bataille et aL: Pathogenesis of bone lesions in myeloma' 

23. Josse RG, Murray TM, Mundy GR, Jez D, Heenmche JNM 
Observation of the mechanism of bone resorption induced bv 
multiple myeloma marrow culture fluids and partially purified 
osteoclast-activaung factor. J Clin Invest 67: 1472, 1981 

24. Kawano M, Hirano T, MatsUda T, Taga T, Horii Y, Iwato K, 
Asaoku H Tang B, Tanabe O, Tanaka H, Kuramoto A, Kish£ 
«Qp°n Ti ^ t(X f ne oration and essential requirement of 
BfcF/2 IL-6 for human multiple myeloma. Nature 322: 73, 1988 

25. Kawano M, Yamamoto I, Iwato K, Tanaka H, Asaoku H, 
Tanabe O, Ishikawa H, Nobuyoshi M, Ohmoto Y, Hirai Y 
Kuramoto A, Interleukin-I beta rather than lymphotoxin as the 

25 SSiTSw" activity * human mmpl ° myeloma " 

Klein B Zhang XG, Jourdan M, Content J, Houssiau F, Aar- 
den L, Piechaczyk M, Bataille R, Paracrine rather than au- 
tocrine regulation of myeloma cell growth and differentiation 
by Interleukin-6. Blood 73:517, 1989 

27. Klein B, Widjenes J, Zhang XG, Jourdan M, Boiron JM, 
Brochier J Liautard J, Merlin M, Clement C, Morel-Foumier 
B, Lu ZY, Mannoni P, Sany J, BataiUe R, Murine, anti-Inter- 
leukm-6 monoclonal antibody therapy for a patient with 
plasma cell leukemia. Blood 1991 (in press) 

28. Luger TA, Kruttman J, Kirnbauer R, Urbanski A, Schwarz T, 
Klappacher G, K6ck A, Micksche M, Malejczyk J, Schauer E 
May LT, Sengal PB, IFN /J2/IL-6 augments the activity of 
human natural killer cells. J Immunol 143: 1206, 1989 

29. MacDonaid BR, Mundy GR, Clark S, Wang EA, Kuehl TJ 
Stanley ER, Roodman GD, Effects of human recombinant 
CSF-GM and highly purified CSF-1 on the formation of mult- 
inucleated cells with osteoclast characteristics in long-term bone 
marrow cultures. J Bone Miner Res 1:227, 1986 

30. Macro M, Troussard X, Galateau F, Renan O, Leporrier M, 
Loyau G, Myelome osteocondensant diffus avec localisation 
thyroidienne. Rev Rhum Mol Osteoartic 56:613, 1989 

31. Marcelli C, Chappard D, Rossi JF, Jaubert J, Alexandre C 
Dessauw P, Baldet P, BataiUe R, Histologic evidence of an 
abnormal bone remodeling in B-cell malignancies other than 
multiple myeloma. Cancer 62: 1 1 63, 1 988 

32. Meszaros WT, The many facets of multiple myeloma. Semin 
Roentgenol IX: 21 9, 1974 

33. Mundy GR, Bertolini DR, Bone destruction and hypercalemia 
in plasma cell myeloma. Semin Oncol 13:291, 1986 

34. Mundy GR, Raisz LG, Cooper RA, Schechter GP, Salmon SE, 
Evidence for the secretion of an osteoclast stimulating factor in 
myeloma. N Engl J Med 291: 1041, 1974 

35. Nakamura M, Merchav S, Carter A, Ernst TJ, Demetri GD, 
Furukawa Y, Anderson K, Expression of a novel 3-5-kb 
macrophage colony-stimulating factor transcript in human 
myeloma cells. J Immunol 143:3543, 1989 

36. Paterson AD, KanisJA, Cameron EC, Douglas DL Beard DJ 
Preston FE, Russell RGG, The use of dichloromethylene 
diphosphonate for the management of hypercalcemia in multi- 
ple myeloma. Br J Haematol 54:121, 1983 

37. Portier M, Rajzbaum G, Zhang XG, Attal M, Rusalen C, 
Maraninchi D, Widjenes J, Manonni P, Piechaczyck M, Bataille 
R, Klein B, In vivo paracrine but not autocrine interleukin-6 
gene expression in multiple myeloma. Eur J Immunol 21: 1759, 

Radl J, Croese JW, Zurcher C, Enden-Vieveen MHM van den, 
Brondijk RJ, Kazil M, Haaijman JJ, Reitsma PH, Bijvoet OLM, 
Influence of treatment with APD-biphosphonates on the bone 
lesions in the mouse 5T2 multiple myeloma. Cancer 55:1030, 
1985 

Rodriguez LH, Finkelstein JB, Shullenberger CC, Alexanian R, 
Bone healing in multiple myeloma with melphalan chemother- 
apy. Ann Intern Med 76:551, 1972 

40. Rossi JF, Bataille R, In vitro osteolytic activity of human 
myeloma plasma cells and the clinical evaluation of myeloma 
osteoclastic bone lesions. Br J Cancer 50:119, 1984 

41. Rossi JF, Bataille R, Chappard D, Alexandre C, Janbon C, 
Unusual B cell malignancies presenting unusual bone involve^ 



38 



39 



u R. Bataille et al.: Pathogenesis of bone lesions in myeloma 

ment and mimicking multiple myeloma. A personal study of 9 
cases. Am J Med 83: 10, 1987 

42. Rossi JF, Chappard D, Marcelli C, Baldet P, Alexandre C, 
Janbon C, Jourdan J, Bataille R, Micro-osteoclastic resorption 
as a characteristic feature of B-cell malignancies other than 
multiple myeloma. Br J Haematol 76:469, 1990 

43. Schecter GP, Wahl LM, Horton JE, In vitro bone resorption by 
human myeloma cells. In: Potter M (ed) Progress in myeloma. 
Biology of myeloma, pp 67-77, 1980 

44. Sins ES, Sherman WH, Baquiran DC, Schlatterer JP, Osser- 
man EF, Canfield RF, Effects of chloromethylene diphospho- 
nate on skeletal mobilization of calcium in multiple myeloma. 
N Engl J Med 302: 310, 1980 

45. Smyth MJ, Ortaldo JR, Comparison of the effect of IL-2 and 
IL-6 on the lytic activity of purified human peripheral blood 
large granular lymphocytes. J Immunol 146: 1380, 1991 

46. Uchida A, Yagital M, Sugiyama H, Hoshino T, Moore M, 
Strong natural killer (NK) cell activity in bone marrow of 
myeloma patients: accelerated maturation of bone marrow NK 
cells and their interaction with other bone marrow cells. Int J 
Cancer 34:375, 1984 

47. Udagawa N, Takahashi N, Akatsu T, Tanaka H, Sasaki T, 
Nishihara T, Koga T, Martin TJ, Suda T, Origin of osteoclasts: 
mature monocytes and macrophages are capable of differentiat- 
ing into osteoclasts under a suitable microenvironment pre- 
pared by bone-marrow derived stromal cells. Proc Natl Acad 
Sci USA 87:7260, 1990 

48. Valentin-Opran A, Charmon SA, Meunier PJ, Edouard CM, 
Arlot ME, Quantitative histology of myeloma-induced bone 
changes. Br J Haematol 52:601, 1982 



287 

49. Warren MK, Ralph P, Macrophage growth factor CSF-I stim- 
ulates human monocyte production of interferon, tumor necro- 
sis factor and colony-stimulating activity. J Immunol 137- 2281 
1986 ' 

50. Wieczorek AJ, Belch AR, Jacobs A, Bowen D, Padua RA, 
Paietta E, Stanley ER, Increased circulating colony-stimulating 
factor-1 in patients with pre-leukemia, leukemia and lymphoid 
malignancies. Blood 77: 1796, 1991 

51. Wiktor-Jedrzejczak W, Bartocci A, Ferrante AW, Ansari AA, ; 
Sell KW, Stanley ER, Total absence of colony-stimulating fac- 
tor-1 in the macrophage deficient osteopetrotic (op/op) mouse. 
Proc Nad Acad Sci USA 87:4828, 1990 

52. Yamamoto I, Kawano M, Sone T, etal., Production of inter- 
leukin-1 ft, a potent bone resorbing cytokine, by cultured 
myeloma cells. Cancer Res 49:4242, 1989 

53. Yoneda T, Alsina MA, Chavez JB, Bonewald L, Nishimura R, 
Mundy GR, Evidence that tumor necrosis factor plays a patho- 
genetic role in the paraneoplastic syndromes of cachexia, hyper- 
calcemia and leukocytosis in a human tumor in male mice J 
Clin Invest 87:977, 1991 

54. Zhang XG, Klein B, Bataille R, Interleukin-6 is a potent myelo- 
ma-cell growth factor in patients with aggressive multiple 
myeloma. Blood 74:11, 1989 

55. Zhang XG, Bataille R, Jourdan M, Saeland S, Banchereau J, 
Mannoni P, Klein B, Granulocyte-macrophage colony-stimu- 
lating factor synergizes with interleukin-6 in supporting the 
proliferation of human multiple myeloma cells. Blood 76*2599 
1990 



EXHIBIT 

52 



Alcohol 2002 May;27(l):63-8 

Ethanol, oxidative stress, and cytokine-induced liver cell injury. 
Hoek JB, Pastorino JG. 

Alcohol Research Center, Department of Pathology, Anatomy and Cell Biology, 
Thomas Jefferson University, JAH Room 269, 1020 Locust Street, Philadelphia, PA 
19107, USA. Jan.Hoek@mil.tju.edu 

Both clinical findings and results of experiments with animal models of alcoholic 
hepatitis have shown the importance of cytokine-mediated cell-cell interactions in the 
onset of ethanol-induced liver damage. Proinflammatory cytokines, such as tumor 
necrosis factor-alpha (TNF-alpha), interleukin (IL)-l beta (IL-1 beta), and interleukin- 
6, are released from Kupffer cells or infiltrating neutrophils and macrophages and elicit 
defensive responses in parenchymal cells, including activation of apoptosis. Reactive 
oxygen species (ROS) and reactive nitrogen species (RNS), generated in response to 
cytokine-induced stress signals in parenchymal cells and also by activation of Kupffer 
cells and inflammatory cells, further mobilize cellular defense mechanisms. When these 
defensive responses are overwhelmed cells may die by necrosis, further stimulating 
inflammatory responses and infiltration of neutrophils. Chronic ethanol intake (i.e., many 
years of heavy alcohol use in human patients, several weeks or months in experimental 
animals) enhances the damaging consequences of these events through a variety of 
mechanisms. The formation of cytokines in the liver is stimulated by increasing 
circulating levels of endotoxin and by enhancing the responsiveness of Kupffer cells to 
such stimuli. In addition, ethanol promotes oxidative stress, both by increased formation 
of ROS and by depletion of oxidative defenses in the cell. Furthermore, liver cells from 
ethanol-treated animals are more susceptible to the cytotoxic effects of TNF-alpha and 
other cytokines than cells from control animals. Mitochondria play a critical role in the 
apoptotic response, and alterations in mitochondrial function after chronic ethanol 
treatment may contribute to enhanced cell death by apoptosis or necrosis. How the shift 
in the balance of cytokine-induced defensive and damage responses in hepatocytes 
contributes to the liver injury that occurs in alcoholic hepatitis remains poorly 
characterized and should be a rewarding area for future studies. 
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Acute anterior uveitis and spondyloarthropathies. 

Feltkamp TE, Ringrose JH. 

Arthron, Amsterdam, The Netherlands. 

Acute anterior uveitis (AAU) is characterized by sudden-onset, mostly unilateral 
exacerbations of an inflammation of the iris and ciliary body. The duration of illness is 
short if the patient is treated with corticosteroids. Half of all patients with any type of 
anterior uveitis are HLA-B27-positive, and more than half of the B27-positive patients 
have spondyloarthropathy. Ophthalmologists should therefore refer all patients with AAU 
who are HLA-B27-positive to a rheumatologist. Because attacks of AAU are extremely 
painful and frightening, most spondyloarthropathy patients with AAU will seek out an 
ophthalmologist on their own. The anterior chamber of the eye and the joints are 
mesenchymal cavities that are cleaned by macrophages. Anterior chamber-associated 
immune deviation is the mechanism by which specific regulatory T cells normally 
produce sufficient transforming growth factor-beta to impair inflammatory reactions that 
might hamper vision. Another mechanism of immune privilege is Fas-ligand induced 
apoptosis. Because the cells of the anterior eye express Fas-ligand, infiltrating cells are 
apoptotically killed. Comparable mechanisms may occur at a lower level in joints. The 
cause of AAU and spondyloarthropathy is unknown. B27 is probably only responsible for 
one quarter of the pathogenesis, other non-B27 genetic factors for another quarter, and 
unknown exogenous factors for the remaining half. It is possible that Gram-negative 
bacteria such as Klebsiella or Yersinia are involved in the pathogenesis in a yet unknown 
way. 
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Expression of proinflammatory cytokines and their inhibitors during the course of 
spontaneous bacterial peritonitis. 

Rodriguez-Ramos C, Galan F, Diaz F, Elvira J, Martin-Herrera L, Giron-Gonzalez JA. 

Digestive Diseases, Hospital Universitario Puerta del Mar, Cadiz, Spain. 

The aim of this work was the evaluation, in cirrhotic patients with noninfected ascites 
and with spontaneous bacterial peritonitis (SBP), of serum and ascitic fluid levels of 
proinflammatory cytokines [interleukin (IL) 1-beta, tumor necrosis factor alpha (TNF- 
alpha), and IL6] and antiinflammatory compounds [IL10, soluble IL-1 receptor 
antagonist (sIL-IRa), soluble receptors of TNF p55 and p75 (sTNFR55 and sTNFR75), 
and soluble receptor of IL6 (sIL6R)], as well as their relationship with the outcome of the 
infection in those with SBP. These molecules were assayed by ELISA in noninfected 
cirrhotic controls (n = 1 5), patients with SBP (n = 32), and healthy controls (n = 20). 
Serum levels of IL6 and of the majority of antiinflammatory mediators, sILIRa, 
sTNFR75, and sIL6R, were higher in control cirrhotic patients compared to healthy 
subjects. SBP was associated with significantly elevated ascitic fluid levels of every 
one of the proinflammatory cytokines compared to those in cirrhotic controls. Also, 
serum levels of IL10 and both TNF receptors and ascitic fluid levels of sILIRa and 
sTNFR55 were higher in patients with SBP compared to cirrhotic controls. Ascitic fluid 
levels of proinflammatory cytokines decreased rapidly after resolution of the infection; 
however, nonsignificant changes were detected in ascitic fluid concentrations of 
antiinflammatory molecules. Thus, elevated levels of antiinflammatory compounds both 
in noninfected cirrhotic patients and in patients with SBP suggest a regulatory control of 
the inflammatory process by these molecules in liver cirrhosis patients. 
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Mediators of microvascular injury in dermal burn wounds. 

Ravage ZB, Gomez HF, Czermak BJ, Watkins SA, Till GO. 

University of Michigan Medical School, Ann Arbor 48109-0602, USA. 

In previous studies we have demonstrated that second-degree thermal injury of skin in 
rats leads to secondary effects, such as systemic complement activation, C5a-mediated 
activation of blood neutrophils, their adhesion-molecule-guided accumulation in lung 
capillaries and the development of acute pulmonary injury, largely caused by neutrophil- 
derived toxic oxygen metabolites. In the dermal burn wound, however, pathophysiologic 
events are less well understood. The injury is fully developed at four hours post-burn. To 
further elucidate the pathogenesis of the "late phase" dermal vascular damage, rats were 
depleted of neutrophils or complement by pretreatment with rabbit antibody against rat 
neutrophils or with cobra venom factor, respectively. In other experiments, rats were 
treated with blocking antibodies to IL-6, IL-1, and TNF alpha immediately following 
thermal burning or were pretreated with hydroxyl radical scavengers (dimethyl sulfoxide, 
dimethyl thiourea). Extravasation of 1251-labeled bovine serum albumin into the burned 
skin was studied, as well as, skin myeloperoxidase levels. The studies revealed that, like 
in secondary lung injury, neutrophils and toxic oxygen metabolites, are required for full 
development of microvascular injury. In contrast, however, development of dermal 
vascular damage in thermally injured rats was not affected by complement depletion. Our 
data suggest that the development of microvascular injury in the dermal burn wound 
is complement-independent, involves the pro-inflammatory cytokines IL-1, TNF 
alpha and IL-6, and may result from reactive oxygen metabolites generated by 
neutrophils accumulating in the burn wound. 
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Apoptosis-related proteins, BCL-2, BAX, FAS, FAS-L and PCNA in liver biopsies of 
patients with chronic hepatitis B virus infection. 

Ehrmann J Jr, Galuszkova D, Ehrmann J, Krc I, Jezdinska V, Vojtesek B, Murray PG, 
Kolao Z. 

Faculty of Medicine, PalackyUniversity, Institute of Pathology & Centre of Molecular 
Biology and Medicine Hnivotinska 3, Olomouc, Czech Republik. erman@tunw.upol.cz. 

While the elimination of hepatitis B virus (HBV) is a common phenomenon at the end of 
the acute phase of disease, the persistence of HBV is characteristic for chronic hepatitis 
(CHB). Recent evidence indicates that the elimination of HBV is achieved by FAS/FAS- 
L induced apoptosis of infected hepatocytes. The aim of this study was to test the 
hypothesis that HBV persistence in the hepatocytes of CHB patients is due to the delayed 
onset of apoptosis caused by altered FAS/FAS-L interactions between lymphocytes and 
hepatocytes. The expression of FAS, FAS-L, BAX, BCL-2, ICE and PCNA in the liver 
biopsies of 55 patients (14 HBsAg positive, 20 patients with alcoholic hepatopathy, 21 
patients with other hepatopathies) was tested by immunohistochemistry. Apoptosis of 
hepatocytes was evaluated by morphological as well as by TUNEL method. The results 
were correlated with a grading/staging score and analysed statistically using a one way 
analysis of variance and the Duncan test. Significantly highernumbers of BAX positive 
hepatocytes were observed in HBsAg positive patients when compared to control groups. 
Similarly, both BAX and FAS positive lymphocytes were more frequent in HBsAg 
positive patients. FAS-L positive lymphocytes and hepatocytes were numerous in all 
patient groups. Increased numbers of BAX positive hepatocytes in CHB may reflect the 
increased readiness of these cells to undergo apoptosis. However, the increased numbers 
of both BAX and FAS positive lymphocytes in CHB suggest that these cells may be 
particularly sensitive to FAS-L mediated apoptosis potentially resulting in lowered 
viability of these lymphocytes. This may explain, at least in part, the defective removal of 
virus-infected cells in chronic hepatitis. However, we cannot rule out the possibility that 
survival of hepatocytes during CHB may be due to other mechanisms such as defects in 
apoptosis activation triggered by CD40, defects involving DNase and/or other caspases 
downstream in the apoptotic cascade within these cells, or to defects in CTL function. 
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Caspase activation correlates with the degree of inflammatory liver injury in chronic 
hepatitis C virus infection. 

Bantel H, Lugering A, Poremba C, Lugering N, Held J, Domschke W, Schulze-Osthoff 

K. 

Department of Immunology and Cell Biology, University of Munster, Munster, 
Germany. 

Hepatitis C virus (HCV) infection is a major cause of liver disease characterized by 
inflammation, cell damage, and fibrotic reactions of hepatocytes. Apoptosis has been 
implicated in the pathogenesis, although it is unclear whether proteases of the caspase 
family as the central executioners of apoptosis are involved and how caspase activation 
contributes to liver injury. In the present study, we measured the activation of effector 
caspases in liver biopsy specimens of patients with chronic HCV infection. The 
activation of caspase-3, caspase-7, and cleavage of poly(ADP-ribose)polymerase 
(PARP), a specific caspase substrate, were measured by immunohistochemistry and 
Western blot analysis by using antibodies that selectively detect the active truncated, but 
not the inactive precursor forms of the caspases and PARP. We found that caspase 
activation was considerably elevated in liver lobules of HCV patients in comparison to 
normal controls. Interestingly, the immunoreactive cells did yet not reveal an overt 
apoptotic morphology. The extent of caspase activation correlated significantly with 
the disease grade, Le., necroinflammatory activity. In contrast, no correlation was 
observed with other surrogate markers such as serum transaminases and viral load. In 
biopsy specimens with low activity (grade 0) 7.7% of the hepatocytes revealed caspase-3 
activation, whereas 20.9% of the cells stained positively in grade 3. Thus, our results 
suggest that caspase activation is involved in HCV-associated liver injury. Moreover, 
measurement of caspase activity may represent a reliable marker for the early detection 
of liver damage, which may open up new diagnostic and therapeutic strategies in HCV 
infection. 
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IL-18 contributes to the spontaneous development of atopic dermatitis-like 
inflammatory skin lesion independently of IgE/stat6 under specific pathogen- free 
conditions. 

Konishi H, Tsutsui H, Murakami T, Yumikura-Futatsugi S, Yamanaka K, Tanaka M, 
Iwakura Y, Suzuki N 5 Takeda K, Akira S, Nakanishi K, Mizutani H. 

Department of Dermatology, Mie University School of Medicine, Tsu 514-8507, 
Japan. 

Atopic dermatitis (AD) is a pruritic inflammatory skin disease. Because IL-18 directly 
stimulates T cells and mast cells to release AD-associated molecules, Th2 cytokines, and 
histamine, we investigated the capacity of IL-18 to induce AD-like inflammatory skin 
disease by analyzing KIL-1 8Tg and KCASPlTg, which skin-specifically overexpress IL- 
18 and caspase-1, respectively. They spontaneously developed relapsing dermatitis with 
mastocytosis and Th2 cytokine accumulation accompanied by systemic elevation of IgE 
and histamine. Stat6-deficient KCASPlTg displayed undetectable levels of IgE but 
manifested the same degree of cutaneous changes, whereas IL-18-deficient KCASPlTg 
evaded the dermatitis, suggesting that IL-18 causes the skin changes in the absence of 
IgE/stat6. KIL-1 8Tg and IL-1 -deficient KCASPlTg took longer to display the lesion than 
KCASPlTg. Thus, AD-like inflammation is initiated by overrelease of IL-18 and 
accelerated by IL-1. Our present study might provide insight into understanding the 
pathogenesis of and establishing therapeutics for chronic inflammatory skin diseases 
including AD. 
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Enhanced expression of caspase-3 in hypertrophic scars and keloid: induction of 
caspase-3 and apoptosis in keloid fibroblasts in vitro. 

Akasaka Y, Ishikawa Y, Ono I, Fujita K, Masuda T, Asuwa N, Inuzuka K, Kiguchi H, 
Ishii T. 

Second Department of Pathology, School of Medicine, Toho University, Tokyo, Japan. 
akasakay@med.toho-u.ac.jp 

Recent studies have suggested that the regulation of apoptosis during wound healing is 
important in scar establishment and development of pathological scarring. To examine 
the phenomenon of apoptosis and its involvement in the process of pathological scarring, 
we immunohistochemically quantified differential levels of expression of caspase-3 and - 
2, which are activated during apoptosis in vitro, in surgical resected scar tissues. We 
divided 33 cases of normally healed flat scars and 18 cases of pathological scars (15 
cases of hypertrophic scars and 3 cases of keloid) into three groups (SI = <10 months 1 
duration; S2 = 10 to 40 months' duration; and S3 = >40 months' duration) according to 
the duration of scar. In all three groups examined, the semiquantitative scores for 
caspase-3 staining were significantly higher for the combination of hypertrophic scars 
and keloid as a group compared with normally healed flat scars, suggesting reduced cell 
survival and increased apoptotic cell death in hypertrophic scars and keloid. Apoptosis 
and caspase proteolytic activities were examined in vitro using two flat scar-derived 
fibroblast lines (FSFB-1 and -2) and two keloid-derived fibroblast lines (KFB-1 and -2). 
After 24 hours of serum deprivation, apoptotic cells were significantly increased in both 
KFB lines, whereas serum deprivation of FSFB-1 cells did not result in a significant 
increase in apoptotic cell number. After serum deprivation, significant increases in 
caspase-3 proteolytic activities were detected in both KFB lines compared with both 
FSFB lines. In contrast, no significant differences with caspase-8 activity were observed 
between similarly treated KFB and FSFB lines. Furthermore, serum deprivation-induced 
apoptosis of KFB-2 cells was significantly inhibited by the caspase-3 inhibitor Ac-Asp- 
Glu-Val-Asp-fluoromethyl ketone (DEVD-FMK), indicating that caspase-3 is important 
for serum deprivation-induced apoptosis in KFB-2 cells. Considering the role of caspase- 
3 as a key effector molecule in the execution of apoptotic stimuli, our results suggested 
that enhanced expression of caspase-3 in hypertrophic scars and keloid induces apoptosis 
of fibroblasts, which may play a role in the process of pathological scarring. 
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Expression and activity of caspases 1 and 3 in myelodysplastic syndromes. 

Boudard D, Sordet O, Vasselon C, Revol V 5 Bertheas MF, Freyssenet D, Viallet A, 
Piselli S, Guyotat D, Campos L. 

Equipe Mort Cellulaire et Neoplasie, Faculte de Medicine, Saint-Etienne, France. 

Myelodysplastic syndromes (MDS) are characterized by abnormal growth of committed 
progenitors in clonogenic assay, with reduced number of colonies and decreased 
colony/cluster ratio. It has been suggested that excessive apoptosis is the cause of marrow 
failure in MDS. We studied the expression of caspase-1 (interleukin-1 beta-converting 
enzyme, ICE) and caspase-3 (CPP32/apopain) in marrow mononuclear cells, and the 
growth pattern of committed progenitors in a series of 83 MDS cases. The percentage of 
apoptotic cells as detected by TUNEL technique, and the percentage of caspase-3 - 
positive cells were significantly higher in refractory anemia (RA) and RA with ringed 
sideroblasts (RAS) than in chronic myelomonocytic leukemia (CMML), refractory 
anemia with excess of blasts (RAEB) and RAEB in transformation (RAEB-T). 
Spontaneous growth of CFU-GM was associated with a higher percentage of blasts, and 
with a lower expression of caspase-3 and caspase-1. The yield of CFU-E, BFU-E, and 
CFU-GM (in the presence of growth factors) was decreased by comparison to normal 
marrow, but large individual differences were observed in all cytological categories. 
Inhibition of caspase-1 and caspase-3 activities by specific inhibitors resulted in a 
significant increase of the production of all types of colonies (up to 50-fold of control). In 
the presence of caspase-3 inhibitor, the number of BFU-E and CFU-E was in the range of 
normal values in most cases of RA and RAS. In addition, caspase-1 and -3 protease 
activities were detectable by fluorogenic assay in all cases studied. Western blot analysis 
confirmed the expression of caspase-3, including the cleaved (activated)-pl7 form in 
most cases of RA/RAS analyzed. It is concluded that caspase-3 is implicated in the 
increased apoptosis observed in MDS and that inhibition of its activity can restore at least 
partially the growth of committed progenitors. 
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Pyruvate improves redox status and decreases indicators of hepatic apoptosis during 
hemorrhagic shock in swine. 

Mongan PD, Capacchione J, West S, Karaian J, Dubois D, Keneally R, Sharma P. 

Department of Anesthesiology, Uniformed Services University of the Health Sciences, 
Bethesda, Maryland 20814, USA. pmongan@usuhs.mil 

Previous studies have shown that the liver is the first organ to display signs of injury 
during hemorrhagic shock. We examined the mechanism by which pyruvate can prevent 
liver damage during hemorrhagic shock in swine anesthetized with halothane. Thirty 
minutes after the induction of a 240-min controlled arterial hemorrhage targeted at 40 
mmHg, hypertonic sodium pyruvate (0.5 g. kg(-l). h(-l)) was infused to achieve an 
arterial concentration of 5 mM. The volume and osmolality effects of pyruvate were 
matched with 10% saline (HTS) and 0.9% saline (NS). Although the peak hemorrhage 
volume increased significantly in both the pyruvate and HTS group, only the pyruvate 
treatment was effective in delaying cardiovascular decompensation. In addition, pyruvate 
effectively maintained the NADH/NAD redox state, as evidenced by increased 
microdialysate pyruvate levels and a significantly lower lactate-to-pyruvate ratio. 
Pyruvate also prevented the loss of intracellular antioxidants (GSH) and a reduction in 
the GSH-to-GSSG ratio. These beneficial effects on the redox environment decreased 
hepatic cellular death by apoptosis. Pyruvate significantly increased the ratio of Bcl-Xl 
(antiapoptotic molecule)/Bax (proapoptotic molecule), prevented the release of 
cytochrome c from mitochondria, and decreased the fragmentation of caspase 3 and 
poly(ADP ribose) polymerase (DNA repair enzyme). These beneficial findings indicate 
that pyruvate infused 30 min after the onset of severe hemorrhagic shock is effective in 
maintaining the redox environment, preventing the loss of the key antioxidant GSH, and 
decreasing early apoptosis indicators. 
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Expression of inducible nitric oxide synthase, interleukin-1 and caspase-1 in HIV-1 
encephalitis. 

Zhao ML, Kim MO, Morgello S, Lee SC. 

Department of Pathology (Neuropathology), F-717, Albert Einstein College of 
Medicine, 1300 Morris Park Avenue, Bronx, NY 10461, USA. 

Inflammatory cytokines and enzymes such as IL-1 and inducible nitric oxide synthase 
(iNOS) may play an important role in the pathogenesis of AIDS dementia, a condition 
associated with infection of the CNS cells by the HIV-1 . In this report, we investigated 
the expression of iNOS, IL-1, and caspase-1 (interleukin-1 converting enzyme) in HIV-1 
encephalitis (HIVE) by immunocytochemistry and analyzed their expression with respect 
to HIV-1 infection and glial activation. In HIVE, all three molecules were expressed at 
high levels in areas of HIV-1 infection (microglial nodules with HIV-1 p24 
immunoreactivity) and in areas of diffuse white matter gliosis. Expression was cell-type 
specific, with IL-1 and caspase-1 being expressed in macrophages and microglia, and 
iNOS in activated astrocytes. Multinucleated giant cells, a hallmark of virally infected 
cells, showed intense staining for both IL-1 and caspase-1, suggesting induction of these 
molecules by HIV-1 . Double immunocytochemistry demonstrated a regional co- 
localization of astrocyte iNOS and microglial IL-1 and caspase-1. These results support 
the notion that autocrine and paracrine interactions between HIV-1 infected macrophages 
and microglia, activated microglia, and astrocytes lead to expression of proinflammatory 
and neurotoxic molecules. iNOS and caspase-1 may provide additional therapeutic 
targets for HIVE. 
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Expression of caspase-3 in brains from paediatric patients with HIV-1 encephalitis. 

James HJ, Sharer LR, Zhang Q, Wang HG, Epstein LG, Reed JC, Gelbard HA. 

Department of Neurology (Child Neurology Division), The University of Rochester 
Medical Center, NY 14642, USA. 

Apoptosis of neurones, macrophages, and microglia occurs in the brains of paediatric 
patients with human immunodeficiency virus (HIV) type 1 encephalitis, which is often 
associated with pre-mortem neurological disease (progressive encephalopathy). We have 
previously reported that TUNEL-positive neurones in brain tissue from paediatric 
patients with HIV type 1 encephalitis and progressive encephalopathy are strikingly 
devoid of the pro-apoptotic gene product Bax, in marked contrast to brain-resident 
macrophages and microglia. Using immunocytochemical methods, the present study 
demonstrate that neurones in patients with HIV type 1 encephalitis and progressive 
encephalopathy, as well as macrophages and microglia, but not astrocytes, overexpress 
caspase-3, a pro-apoptotic enzyme that is proteolytically activated downstream of Bax- 
Bcl-2 dysregulation. Co-localization of neuronal cytoplasmic caspase-3 and nuclear 
TUNEL staining, a marker for fragmented DNA, was also infrequently observed in brain 
tissue from patients with HIV type 1 encephalitis and progressive encephalopathy. These 
findings suggest that vulnerable neurones in brain tissue from patients with HIV virus 
type 1 encephalitis and progressive encephalopathy undergo apoptosis by a mechanism 
that involves upregulation of caspase-3 in a pathway that is independent of Bax-Bcl-2 
dysregulation. Furthermore, caspase-3 upregulation in apoptotic neurones likely occurs 
prior to DNA fragmentation. 
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Age-associated increases in the activity of multiple caspases in Fisher 344 rat organs. 
Zhang Y, Chong E, Herman B. 

Department of Cellular and Structural Biology, Centre at San Antonio, The University 
of Texas Health Science, Mail Code 7762, San Antonio, TX 78229-3900, USA. 

As organisms age, an increase in the number of terminal deoxynucleotidyltransferase- 
mediated dUTP nick end labeling positive cells has been observed in a variety of tissues 
and cell types. However, whether this represents the increase of apoptosis has not been 
validated on molecular level. In this study we examined the endogenous activity of 
caspases that are known to be responsible for the execution of caspase-dependent 
apoptosis as a function of age in rat liver, lung, and spleen. We demonstrate that the 
extent of apoptosis in rat liver increases late during the aging process (i.e. 23-27 month) 
as indicated by the activation of executioner caspases-3, -6, and -7. We also found that 
the activity of caspase-3, -6, and -1 increased drastically in rat lung and spleen at late 
stages of aging. Despite reports that the level of Fas mRNA increases with age in rat liver 
and that Fas system regulates liver homeostasis, we did not detect activation of caspase-8, 
a key mediator of Fas-induced apoptosis, in aged liver. We also observed increased 
activities of two caspases, caspase-2 and caspase-9, which are involved in 
mitochondrion-mediated apoptosis in livers isolated from old rats, and found that 
hepatocytes isolated from old animals (>23 month) are more sensitive to oxidative stress 
that targets the mitochondria compared to those isolated from young (6 month) animals. 
Lastly, we demonstrate that the level of cytochrome c is lower in liver from old animals, 
probably as a result of expeditious degradation following its release into cytosol. 
Collectively, our results demonstrate that aging is associated with an increase in the 
activity of multiple caspases, suggesting that the extent of apoptosis increases as organs 
age. In the case of rat liver, this increase in caspase activation is more likely associated 
with the mitochondrial (i.e. intrinsic) pathway rather than the Fas-mediated caspase-8 
(extrinsic) pathway of apoptosis. 
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Inhibitory effect of M50054, a novel inhibitor of apoptosis, on anti-Fas-antibody- 
induced hepatitis and chemotherapy-induced alopecia. 

Tsuda T, Ohmori Y, Muramatsu H, Hosaka Y 5 Takiguchi K, Saitoh F, Kato K, 
Nakayama K, Nakamura N, Nagata S, Mochizuki H. 

Research Center, Mochida Pharmaceutical Co., Ltd., 722 Jimba-aza-Uenohara, 
Gotemba, Shizuoka 412-8524, Japan, toshi-t@mochida.co.jp 

M50054, 2,2 f -methylenebis (1,3-cyclohexanedione), was identified as a novel inhibitor of 
apoptosis (programmed cell death) using an in vitro cell death assay system induced in 
human Fas-expressing WC8 cells by soluble human Fas ligand. Furthermore, M50054 
inhibited the apoptotic cell death of U937, a human monocytic leukemic cell line, 
induced by anticancer agents such as etoposide; it was also confirmed that M50054 
inhibited apoptotic features such as DNA fragmentation and phosphatidylserine exposure 
in these cells. These anti-apoptotic effects were attributable to inhibition of caspase-3 
activation. Additionally, M50054 significantly inhibited anti-Fas-antibody-induced 
elevation of plasma alanine aminotransferase and aspartate aminotransferase. Alopecia 
(hair loss) symptoms were also significantly improved with topical treatment with 
M50054. In conclusion, M50054 inhibits apoptosis induced by a variety of stimuli via 
inhibition of caspase-3 activation, and may thus be effective for hepatitis and 
chemotherapy-induced alopecia. 
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Effects of finasteride on apoptosis and regulation of the human hair cycle. 

Sawaya ME, Blume-Peytavi U, Mullins DL, Nusbaum BP, Whiting D, Nicholson DW, 
Lotocki G, Keane RW. 

ARATEC Research, Ocala, Florida 34478, USA. ARATEC@worldnet.att.net 

BACKGROUND: A number of studies have provided evidence that apoptosis is a central 
element in the regulation of hair follicle regression. In androgenetic alopecia (AG A), the 
exact location and control of key players in the apoptotic pathways remains obscure. 
OBJECTIVE: In the present study, we used a panel of antibodies and investigated the 
spatial and cellular pattern of expression of caspases and inhibitors of apoptosis (IAPs), 
such as XIAP and FLIP, in men with normal scalp and in men with AGA before and after 
6 months of treatment with 1 mg oral finasteride treatment. METHODS AND 
RESULTS: Constitutive expression of caspases-1, -3, -8, and -9 and XIAP was detected 
predominantly within the isthmic and infundibular hair follicle area, basilar layer of the 
epidermis, and eccrine and sebaceous glands. AGA-affected tissues showed an increase 
in caspase (-1, -3, -6, -9) immunoreactivity with a concomitant decrease in XIAP 
staining. After 6 months of finasteride treatment, both caspases and XIAP were similar to 
levels exhibited by normal subjects. Immunoblot analysis was performed to determine 
antibody specificity and cellular expression of caspases. Purified populations of 
keratinocytes, melanocytes, dermal papilla, and dermal fibroblasts derived from human 
hair follicles were cultured in vitro and treated with 0.5 mm staurosporin. Time-course 
experiments revealed that processing of caspase-3 is a principal event during apoptosis of 
these hair cell types. CONCLUSION: These data suggest that alterations in levels of 
caspases and IAPs regulate hair follicle homeostasis. Moreover, finasteride appears to 
influence caspase and XIAP expression in hair follicle cells thus signaling anagen, active 
growth in the hair cycle. 
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Tubular apoptosis in the pathophysiology of renal disease. 
Hauser P, Oberbauer R. 

Abteilung fur Nephrologie, Universitatsklinik fur Innere Medizin, Universitat Wein, 
Vienna, Austria. 

Apoptosis of renal tubular epithelial cells plays a major role in acute renal failure. 

Several external and internal signals can induce apoptosis, which is then effectuated via 
several pathways. These pathways are either the FAS/FAS-L pathway and downstream 
MAPK (mitogen-activated protein kinases) and JNK (c-Jun N-terminal kinase) signal 
transduction, or the RANK/RANK-L (receptor activator of NFkB) pathway via 
activation of the caspase cascade. Other pathways, especially for apoptosis induction by 
toxins, include the mitochondrial permeability transition pore activation and Bcl-2 
superfamily member differential regulation. An important final, irreversible branch of 
these pathways is the release of cytochrome c from the mitochondria, leading to nuclear 
fragmentation. Therapeutic interventions of acute tubular injury focus on the prevention 
of apoptosis by either modulation of the balance of the bcl-2 family or by selectively 
blocking angiotensin receptors. It is not clear yet, which receptor blockade or 
combination of receptor blockers are most effective in apoptosis prevention. In chronic 
renal failure, tubular apoptosis has been found in biopsies from polycystic kidneys, but 
not in a quantitatively meaningful amount in other chronic human renal diseases. On the 
other hand, given the short half-life of apoptotic cells of few hours, even low numbers 
over time might turn out to be important modulators of chronic kidney disease, which are 
characterized by tubular cell loss. Potential therapeutic interventions to prevent tubular 
apoptosis in chronic renal disease include angiotensin system inhibition, whereby the 
angiotensin II AT2 receptor blockade seems more promising in apoptosis inhibition than 
the inhibition of other receptor subtypes. 
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Caspase-3 and apoptosis in experimental chronic renal scarring. 

Yang B, El Nahas AM, Thomas GL, Haylor JL, Watson PF, Wagner B, Johnson TS. 

Sheffield Kidney Institute, Northern General Hospital Trust, Sheffield University, 
Sheffield S5 7AU, England, UK. Bin.Yang@Sheffield.ac.uk 

BACKGROUND: Caspase-3 is a member of the caspase enzyme family, having a central 
role in the execution of apoptosis. However, the significance of Caspase-3 in the 
inappropriate and excessive apoptosis that contributes to the progression of non-immune- 
mediated renal scarring has not been established. METHODS: Kidneys from sham- 
operated and subtotal nephrectomized (SNx) rats were harvested on days 7, 15, 30, 60, 90 
and 120 post-surgery. These were analyzed for apoptosis (in situ end labeling of DNA, 
light and electron microscopy), Caspase-3 activity (fluorometric substrate cleavage 
assay), protein and mRNA (Western and Northern blotting), as well as distribution 
(immunohistochemistry), inflammation (ED-1 immunohistochemistry) and fibrosis 
(Masson's Trichrome staining). RESULTS: Apoptosis, inflammation and fibrosis 
gradually increased in glomeruli, tubules and interstitium of SNx rats. Caspase-3 was 
mainly located in damaged tubules, but also was found in some glomerular and interstitial 
cells. Little or no staining was noted in sham-operated kidneys. In SNx kidneys, Caspase- 
3 activity was significantly increased from day 30 and peaked on day 120 (2.5-fold). This 
resulted from increases in the 17 and 24 kD active protein subunits. The 32 kD precursor 
was increased at all time points (1861% on day 120, P < 0.01). Caspase-3 changes were 
transcription-dependent with the 2.7 kb caspase-3 mRNA significantly increased at all 
time points (287% on day 120). Caspase-3 activity was a better predictor of apoptosis 
(Std beta coefficient = 0.347, P < 0.05) than Caspase-3 proteins or mRNA; however, 
Caspase-3 at all levels correlated with apoptosis, inflammation and fibrosis (all P < 0.01). 
CONCLUSIONS: Up-regulation of apoptosis in remnant kidneys is likely to be Caspase- 
3 -dependent as it is associated with increases in Caspase-3 at the activity, protein and 
mRNA levels. Therefore, Caspase-3 is a potential therapeutic target for the modification 
of renal cell apoptosis and subsequently renal fibrosis. 
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In vivo and in vitro activation of caspase-8 and -3 associated with Helicobacter pylori 
infection. 

Ashktorab H, Neapolitano M, Bomma C, Allen C, Ahmed A, Dubois A, Naab T, 
Smoot DT. 

Cancer Center and Gastroenterology Division, Department of Medicine, Howard 
University College of Medicine, University Hospital, 2041 Georgia Avenue N.W., 
Washington, DC 20060, USA. hashktorab@howard.edu 

In vivo and in vitro studies have shown an increase in apoptosis in gastric epithelial 
cells in persons infected with Helicobacter pylori. H. pylori-induced activation of 
caspase-8 and -3 was evaluated using a human gastric adenocarcinoma cell line (AGS) 
and gastric tissue from humans and monkeys colonized with H. pylori. The enzymatic 
activity of caspase-8 was detected only in AGS cells exposed to H. pylori up to 24 h. The 
active form of caspase-8 was present by Western blot after exposure to H. pylori for 3 h 
and persisted through 24 h. Caspase-3 activity was present in AGS cells exposed to H. 
pylori for 3 h, reaching a maximum after 24 h (a sevenfold increase in activity). Caspase- 
8-mediated cleavage of procaspase-3 generated a 20-kDa band (indicative of the presence 
of active caspase-3) present only in AGS cells exposed to H. pylori. Active caspase-3 
staining was markedly increased in gastric mucosa from infected persons and animals, 
compared to uninfected controls by immunohistochemistry. Stimulation of downstream 
events leading to apoptosis, such as the cleavage of PARP (poly adenosine-diphosphate- 
ribose polymerase) and DFF45 (DNA fragmentation factor 45) as a result of activation of 
caspase-3, was evaluated. PARP was cleaved, resulting in the presence of both an 89- and 
a 24-kDa band along with DFF45, resulting in the presence of 10- and 12-kDa bands only 
in gastric cells exposed to H. pylori. Our data show that H. pylori stimulates the 
activation of caspases and downstream mediators of caspase-induced apoptosis. This 
suggests that H. pylori-induced apoptosis is mediated through caspase pathways, which 
include the activation of caspase-8 and subsequent cleavage and activation of caspase-3. 
This is consistent with caspase-3 activation that was found in the gastric mucosa of 
humans and monkeys infected with H. pylori. 
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Mycobacterium tuberculosis promotes apoptosis in human neutrophils by activating 
caspase-3 and altering expression of Bax/Bcl-xL via an oxygen-dependent pathway. 

Perskvist N, Long M, Stendahl O, Zheng L. 

Division of Medical Microbiology, Faculty of Health Sciences, Linkoping University, 
Linkoping, Sweden. 

In addition to direct bactericidal activities, such as phagocytosis and generation of 
reactive oxygen species (ROS), neutrophils can regulate the inflammatory response by 
undergoing apoptosis. We found that infection of human neutrophils with 
Mycobacterium tuberculosis (Mtb) induced rapid cell death displaying the characteristic 
features of apoptosis such as morphologic changes, phosphatidylserine exposure, and 
DNA fragmentation. Both a virulent (H37Rv) and an attenuated (H37Ra) strain of Mtb 
were equally effective in inducing apoptosis. Pretreatment of neutrophils with 
antioxidants or an inhibitor of NADPH oxidase markedly blocked Mtb-induced apoptosis 
but did not affect spontaneous apoptosis. Activation of caspase-3 was evident in 
neutrophils undergoing spontaneous apoptosis, but it was markedly augmented and 
accelerated during Mtb-induced apoptosis. The Mtb-induced apoptosis was associated 
with a speedy and transient increase in expression of Bax protein, a proapoptotic member 
of the Bcl-2 family, and a more prominent reduction in expression of the antiapoptotic 
protein Bcl-x(L). Pretreatment with an inhibitor of NADPH oxidase distinctly suppressed 
the Mtb-stimulated activation of caspase-3 and alteration of Bax/Bcl-x(L) expression in 
neutrophils. These results indicate that infection with Mtb causes ROS-dependent 
alteration of Bax/Bcl-x(L) expression and activation of caspase-3, and thereby induces 
apoptosis in human neutrophils. Moreover, we found that phagocytosis of Mtb-induced 
apoptotic neutrophils markedly increased the production of proinflammatory cytokine 
TNF-alpha by human macrophages. Therefore, the ROS-dependent apoptosis in Mtb- 
stimulated neutrophils may represent an important host defense mechanism aimed at 
selective removal of infected cells at the inflamed site, which in turn aids the functional 
activities of local macrophages. 
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Role of Caspase-1 in experimental pneumococcal meningitis: Evidence from 
pharmacologic Caspase inhibition and Caspase-1 -deficient mice. 

Koedel U, Winkler F, Angele B, Fontana A, Flavell RA, Pfister HW. 

Department of Neurology, Klinikum Grosshadern, Ludwig Maximilians-University, 
Munich, Germany. 

Caspase 1 plays a pivotal role in generating mature cytokine interleukin-lbeta. 
Interleukin-lbeta is implicated as a mediator of pneumococcal meningitis, both in 
experimental models and in humans. We demonstrated here that (1) Caspase 1 mRNA 
and protein expression is upregulated in the brain during experimental pneumococcal 
meningitis, and (2) Caspase 1 levels are elevated in the cerebrospinal fluid of patients 
with acute bacterial meningitis. The upregulation/activation of Caspase 1 was associated 
with increased levels of interleukin-lbeta. Depletion of the Caspase 1 gene and 
pharmacologic blockade of Caspase 1 significantly attenuated the meningitis-induced 
increase in interleukin-lbeta. This was paralleled by a significantly diminished 
inflammatory host response to pneumococci. The antiinflammatory effect of Caspase 1 
depletion or blockade was associated with a marked reduction of meningitis-induced 
intracranial complications, thus leading to an improved clinical status. In humans, 
cerebrospinal fluid Caspase 1 levels correlated with the clinical outcome. Thus, 
pharmacologic inhibition may provide an efficient adjuvant therapeutic strategy in this 
disease. 
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